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ABSTRACT 


The overall objeetlve of this prograa, was to measooe electrochemioal 
parameters of selected redox couples that ml*ht be potentially promlsin, 
for application in bulk energy storage systems. This was carried out in 
two phases: a broad investigation of the basic characteristics and 
behavior of various redox couples followed by a more limited investigation of 
their electrochemical performance in a redox flow reactor configuration. 

Ihe primary objective of the first phase of the program was to evaluate 
eight redox couples under a variety of conditions in terms of their exchange 
current densities as measured by the rotating disk electrode procedure. 

The redox couples investigated in this first phase were: Fe^VFets, 

Cr*VCr*>, Sn^Vsn**, Br-/Br-, Sb+Vsb*', CuCNHjjtVCufNHjjJt, and 
Cr(O0;Vcr(CN)g>. Ideally, the couples were to be tested on gold and 
graphite electrodes at 80° and 120»F, reduced to oxidized ratios of 1:10, 1:1 
and 10:1 and total concentrations of IM, 3M and 6M. In actual testing, 
solubility and corrosion effects frequently limited the range of conditions. 

The results from Phase I showed the more promising couples to be: 

Fe*VF,*>, Br-/Br|, Tif/TilV, cr-VCr- and Cut»„ 3 ,tVCu(NH,,Jt. ihe Fett/Pef 
and BrVBri, couples were chosen as positive electrodes tor their high exchange 
current densities and reasonable solubility limits; Bf/Brj also has a very 
high OCV for operation as a positive electrode. The Cr*VCr*> and 
CuCNHjjJVCuiNHjlJt couples were chosen for study, as negative electrodes, due 
to their reasonably high exchange current densities. (The titanium couple. 

although better than the chromium couple, was not chosen due to previous 
extensive study at NASA-Lewis.) 

■n.e second phase of the program involved the testing of these four couples 
in a redox reactor under flow conditions with a variety of electrode materials 
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and structures. The best performance with the negative electrode 
couples was obtained with the Cu(NH3)*VCu(NH3) J* couple, particularly 
using a gold screen electrode in a frontal structure (i.e. electrode 
placed against the ion exchange membrane with electrolyte flowing on the 
back). The best performance with the positive electrode couples was 
obtained with the Br“/Br" cotq[>le, particularly with a porous carbon 
electrode in a recessed structure. The Fe‘*’*/Fo‘*‘® couple using a 
graphite woven cloth electrode (as has been studied by NASA-Lewis> also 
showed very good performance • 
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r. TASK I - FIRST STAGE OF SCREENING OF REDOX COUPLES 
A. INTRODUCTION 

The first phase of this program involved a broad investigation 
of the. physical and electrochemical characteristics of eight redox couples 
in order to compare their relative suitability for use in a redox fuel cell 
system. The eight couples chosen for study were the following: 

Fe^VFe^S Sn+VSn+\ Sb^Vsb^®, Ti+VTi^V, Cu(NH3)5VCu(NH3)J*, 

Cr /Cr , Cr(CN)g /Cr(CN).g^, and Br /Br^. The jAysical parameters that 
were measured were the degree of solubility in the recommended supporting 
electrolyte, the viscosity, and the conductivity. The solubility goals 
were IM, SMand 6M total ion concentration at the reduced-to-oxidlzed ratios 
of 1:10, 1:1 and 10:1. The exchange current densitiea-for the-oouples 
on both gold and vitreous carbon electrodes at 27<>C and SO^C were determined 
using the rotating disk technique. 



solubilit y, viscosity and CONDUCTIVITY DETERMINATIONS 
Experimental Procedures 
a# Solubility 

The preparation of solutions turned out to be a very 
difficult and time-consuming task, it appears that the reduced forms of 
these redox couples tend to be less soluble than the oxidized forms and 
more prone to hydrolysis. It was also necessary to maintain an inert 
atmosphere over most of the solutions at all times, which added to the 
complexity of the procedure. An additional variable was the supporting 
electrolyte concentration. For example, the acid levels anticipated in 
the Statement of Work did not turn out to be universally applicable over 
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the whole range of concentrations and redox ratios for the couples 
investigated. Therefore, it was necessary to test various acid 
concentrations to see which one was applicable to the widest range of 
redox couple concentrations. 

b. Viscosity 

Viscosity measurements were- made with Cannon- Fenske 
type viscometers, with openings modified as shown in Figure 1-to 
accommodate solution transfer to and from the cell. Two units were used 
with the following ranges: 0.8-4 centistokes and 3-15 centistokes. The 

measurements were made by drawing the appropriate quantity of solution 
into the viscometer (under N2) and then placing it in the circulation 
chamber of the Haake Temperature Controller. After 'v, 10 minutes of 

equilibration, the time of flow between the two calibrated marks on the 
unit was measured. 

c. Conductivity 

Conductivities of the redox couple solutions were measured 
by a four point method using the apparatus shown in Figure 2. This 
appa ratu a- w a s -inserted through the cell cover, and the solution was drawn 
up to the bulb (over the Ft disk at the top). A small constant current 
was then passed between the upper electrod and the ceU counter electrode 
at the bottom of the jacketed vessel (see Figure 3). A voltage recording 
device (either the strip diart recorder or oscilloscope) was connected 
to the two small Ft probes, and the voltage change was measured between 
zero current flow and the constant current flow. Tlie solution resistance 
thus obtained was converted to specific con ductance using a cell constant 
determined with IN HCl. 
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2, Rosults 

a. Po-^VPq-*-^ (IN HCr 


Sunnnary of Solubility 
Rcd/Ox IM 3M 4M 6M 

1/10 sol. sol, 30l, 

1/1 sol. sol, Insol, insol . 

10/1 sol. sol, insol. 

For Pe VPe IN HCl was used as the acid . ncentraticn for solution 
preparation. With this couple it was found that 6M Fe‘*’^/Fe*’ in any ratio 
could not be dissolved. The highest concentration suitable for all redox 
ratios was 3M, v;ith 4M soluble only in the 1:10 redox ratio? 4M 1:1 
composition was attempted twice and after prolonged heating and stirring a 
4M solution was obtained. However, analysis of both of the solutions showed 
a ratio of 1.4M Fe^V2.6M Fe^^, indicating that the apparent solubility was a 
result of the Fe'*’^ being oxidized to the Fe"^® during the extended dissolution 
process (several days). The solutions prepared successfully along with their 
viscosities and conductivities, measured at 27°C and 50°C, are shown in 
Table I and graphed in Figure 4. 

W rt CM u^• 1 ^ 


b. Sn'^ysn*'* (3.5N HCl) 

Summary of Solubility 
Red/Ox IM 3M 5M 6M 

1/10 sol. sol. sol. insol. 

1/1 sol. sol, sol, insol. 

10/1 sol. sol, sol. insol. 

Attempts to dissolve the Sn‘*‘^/Sn‘^'* couple in IN HCl were unsuccessful 


♦All the redox ratios in this report are the ratio of the reduced to the 
oxidized species. 
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(ohm- cm" 

0.091M Fe** 

0.5M Fe”^* 

0.909M Fe'*’* 


(centistokes) 

0.909M Fe+® 

0.5M Fe+® 

0.091M Fe+® 

27 O 

sp.cond. 

0.262 

0.291 

0.314 

m 9 

viscosity 

1.50 

1.34 

1.20 

SQO’ 

sp.cond. 

0.347 

0.393 

0.407 


viscosity 

1.02 

0.94 

0.84 



Reduced/Oxidized 1 

Ratio at 



3M Fe”^® 

7Fe^» (in : 

IN Hcn 



0.27M Pe^® 

1.5M Fe+* 

2.72M Fe+* 



2.72M Fe-^® 

1.5M Fe+® 

0.27M.Fe+.® 

27® 

sp.cond.... 

0.101 

0.138 

0.176 

4m 9 

viscosity 

4.21 

2.95 

2.51 

so.® 

sp.eond. 

0.1S4 

0.198 

0.256 


viscosity 

2.25 

1.90 

1.57 



Reduced/Oxidized Ratio at 



4M Fe”^* 

/Fe”^® (in IN HCll 



0.33M Fe+* 

1.4M. Fe^* 

3.6M Fe+^ 



3.6M Fe** 

2.6M Fe+® 

0.36M Fe*® 


sp-.cond. 

0.070 

0.090^^^ 

-(2) 

27® 






viscosity 

5.20 

4.78 

— 

sn® 

sp.cond. 

0.120 

0.135 

— 


viscosity 

2.71 

2.78 

MM 



; :'l 


I 


• > 


T) This composition was soluble, but analysis indicates incorrect ratio. 
A second attempt at this preparation gave similar results. 

2) Composition insoluble at this level of ferrous ion. 
























Even low Sn concentration solutions became very cloudy and colloidal upon 
standing. Therefore, higher acid concentrations were investigated. 2N HCl 
also was not suitable, but with 3.5N HCl we were able to dissolve over SM 
Sn^Vsn Therefore, we chose to stay at 3.SN HCl and use 5M VSn'*'** as 
the upper limit of solution concentration. The solutions that were prepared 
were 1, 3 and 5M Sn^VSn'*’'* at ItlO, 1;1 and -lO;! redox ratios. Soluble- 
comppsitions and. values measured for viscosity and. conductivity- at 27°C and 
50®C are shown in Table II .and Figure 5. 
c. Sb*VSb*^ C3N HCl') 

Summary of Solubility 


Red/Ox 

IM 

3M 

6M 

1/10 

sol. 

sol. 

insol. 

1/1 

sol. 

sol. 

sol. 

10/1 

insol . 

insol. 

insol. 


3N HCl was specified in th»-Work Plan as the supporting electrolyte for 
the Sb^®/Sb*® couple, so initial attejqLts with solution preparation were done 
with this concentration. The 6M Sb‘*’®/Sb‘*‘® (1:1) solution was soltd>le, so it 
was assumed that all other compositions could be prepared. However, it was 
found that, i^on standing, the 10:1 redox couple composition precipitated. 
Lack of time prevented investigating a higher acid concentration. Therefore, 
the five soluble compositions were prepared and tested. The five solutions 
prepared along._with the viscosity and conductivity for each solution at 27°C 
and S0*^C are shown in Table III and Figure 6. 
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TABLE 11. SPECIFIC jCOMDPCTANCE & VISCOSITY FOR 

S«PANN0US/STAWN1C SOLUTlOES AT 27°0 Aim 


Temperatute 


27 


o 


so 




27' 


50 


27 


o 


50 " 


Pax ante tez / d EatvLo at 

Heasuted IM Sn Vsn’’^(in 3,5 N HCl) 


(ohm-cnT^) 

0.091M Sn‘*‘* 

0.5M Sn'*’* 

. 0.909H Sn"*" * 

(centlstokes) 

0.909M 

0.5M 

0.091M Sn-^ 

ap. cond. 

0.590 

0.717 

0.852 

visoos. 

1.26 

1.10 

1.06 

sp. cottd. 

0.786 

0.830 

0.985 

viscos. 

0.83 

0.78 

0.72 ‘ 


Reducad/Qxidized Ratio at 


3M Sn'*’Vsn'*^(in 3. 

.5 M HCl) 


0.27M Sn'*’* 

1.5M Sn'*'* 

2.7M. Sn'*’* 


2.7M Sn"*^ 

1.5M Sn*^ 

0.27M 

sp. oond. 

0.265 

0.389 

0.616 

‘ viscos. 

2.52- 

1.69 

1.24 

sp. cond. 

0.378 

0.515 

0.715 

viscos. 

1.42 

1.04 

0.87 


Reduced/Oxidited Ratio at 


5M Sn‘*’Vsn‘*’^{in 3. 

5 N HCl) 


0.454H Sn** 

2.5M Sn"*^ 

4.54M Sn**"* 


4.54M 

2.5m Sn**^ 

0.454m Sn"*^ 

sp. cond. 

0.063 

0.176 

0.378 

viscos. - 

-.-9.81 

3.95 

1.85 

sp. cond. 

0.105 

0.249 

0.481 

viscos. 

4.43 

2.19 

1.23 
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TABLE III. SPE CIFIC CONDUCTANCE AND VISCOSITY FOR 
ANTIMONY^VANTIMONy^» SOLUTION AT-2jac ANn RftOr 


Parameter 
Temperature -Measured 


Reduced/Oxidized Ratio at 
IM Sb‘*'VSb'*^s fin 3N HCU 



°c 

(ohm-cm”^) 

0.091M Sb^® 

O.SM Sb+9 

0.909M Sb+* 

1: 
^ • 

Ccentistokes) 

0.909M Sb”^® 

0.5M Sb*^® 

0.091M Sb*^® 

f i 

27° 

sp. cond. 

0.674 

0.750 

0.779^^^ 

J'l 

f\ 


viscosity 

1.35 

1.28 

1.14 


50° 

sp. cond. 

0.889 

0.937 

0.980 



viscosity 

1.013 

1.09 

0.79 


Reduced/Oxidized Ratio at 
3M Sb’*‘Vsb** fin 3N HCn 



0.27M Sb+» 

1.5M Sb+9 

2.7M Sb+9 


2.7M Sb+® 

1.5M Sb+® 

0.27M Sb^®- 

sp. cond. 

0.334 

0.440 

..(2) 

viscosity 

2.45 

2.30 

• • 

sp. cond. 

0.473 

0.598 

• • 

viscosity 

1.48 

1.31 



Reduced/Oxidi-zed Ratio at 
6M Sb^Vsb*^ fin. 3N HCll 




0.545M’ Sb+® 

3.0M Sb+® 5.45M Sb^® 

27° 

sp. cond. 

5.45M Sb*^® 
..(3) 

3.0M Sb"^® 0.545M Sb*' 

0.092 —(4) 


viscosity 

.. 

4.53 

50° 

sp. cond. 

— 

0.138 


viscosity 

— 

2.35 


initially but precipitated after 

21 fjT A repeat preparation yielded the same results, 

2) This composition precipitated. 

3) Not soluble. 

4) Not prepared. 


- 12 - 


Specific Conductance 








I 


: r. 



I 


I 



I 


I' 



- 13 - 


Viscosity (centistokes) 


d. Ti^VTl 




C6M Hcr 


Summary of Solubility 
Red/Ox IM 3M 6M 

1/10 sol. sol. Insol. 

1/1 sol. sol. insol. 

10/1 sol. sol. Insol. 

Tl'^i/Ti*’*^ solutions of IM and 3M Ti concentrations with redox ratios 
of 1:10, 1 a and 10:1 were prepared in 6N HCl, the acid concentration 
specified-4.n the Work Plan. The 6M composition was found to be insoluble 
(< 4Mmax.). The solution concentrations prej^red along with-measured 
yiscosities and conductivities at 27<>C and 50°C are shown in Table IV 
dnd-Pigure 7. 

e_ Cu(NH^ ) tVCu(NH^ ) (IM NaCl » O.OIM NaOHl 
Stanmary of Solubility 


Red/Ox 

IM 

3M 

1/10 

sol. 

sol. 

1/1 

sol. 

sol. 

5/1 

sol. 

insol. 

10/1 

insol . 

insol . 


In the preparation of solutions of the Cu(NH 3 )+Vcu(NHj) couple, 
the reduced form of the couple was found to have low solubility. Seidell 
indicates a very low solubility for cuprous chloride alone in water, 0.01-0.1%. 
In the presence of cupric chloride the solubility increases as shown below: 


CuCl 

(m/1) 

' Slow du 

"CuClo 

Red/Ox 

.16 

1.0 

1/6.25 

.41 

1.93 

1/4.8 

.64 

3.23 

1/5 

.80 

4.0 

1/5 

.88 

4.9 

1/5.5 
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TABLE IV. SPECIFIC CONDUCTANCE f, VISCOSITY FOR 
Ti» 8 /TiIV SOLimONS AT 27°C AND SQQC 


Temperature 

Parameter 

Measured 

Reduced/Oxidized Ratio at 
IM Ti'^VTilV fin 5 ^ HCj-j 

°C 

(ohm-cm"*) 

(centistokes) 

0.091M 

0.909M 

0.5M 

OR 

0.909M 

0.091M 

O 

CM 

sp. eond. 

0.658 

0.598 

0.562 

viscosity 

1.67 

1.913 

1.83- 

C/1 

O 

O 

sp. cond. 

0.860 

0.727 

0.708 


viscosity 

1.21 

1.26 

1.24 



Reduced/Oxidized Ratio at 



3M 

Ti+3/TiIV fin 6N 



0.27M 

1.5M 

2.7M 



2.7M 

1.5M 

0.27M 

27° 

sp. cond. 

0.301 

0.272 

0.207 


viscosity 

4.99 

5.15 

5.28 

50° 

sp. eond. 

0.395 

0.356 

0.252 


viscosity 

3.13 

3.13 

3.29 
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Complexing with ammonia improves the solubility to 1:1 at 3 M total 
concentration. This level of solubility o£-the cuprous ioU| 1.5 mol/H| 
would seem to favor the possibility of a 10:1 ratio at a total concentra- 
tion of 1 - mol/i, but some- dependence on cupric ion concentration 
apparently is retained even for the complexed ions. 

In our preparation, NH^OH (27% NHj) was used as the solvent. Also the 
me«iod of bubbling pure NHj gas over the Cu* VCu+* was employed to help 
dissolutioa. However, concentrations higher than 3M Cu could not be 
obtained and the 10:1 (Red/ Ox) in the IM or 3M Cu could not be prepared, 

A second preparation of the 10:1 (Red/Ox) IM and 3M compositions 
was attempted in order to investigate the solubility further. After 
make-up. with CuCl/CuCl 2 and NH^OH, the solutions were heated and stirred 
continuously with NHj gas bubbling through the solution for 30 minutes. 

The compositions remained insoluble, however. A 5:1 composition at IM 
total concentration was soluble, and this was chosen as the upper limit 
for further investigation. It is to be noted that the reduced form of the 
complex has less NHj than the oxidized, so that the solubility problem of 
the 10:1 solutions is not due to a lack of NH 3 . We were able to prepare 
1 and 3M Cu(NH^) ♦VCu(NHj) in the redox ratios of 1:10 and 1:1 and IM 5:1. 
The solutions prepared with their measured viscosities and conductivities 
at 27®C and 50®C are shown in Table V and Figure 8, 
f. Cr*^/Cr»» (IM HCn 
Summary of Solubility 
Red/Ox IM 

0.08/0.91 sol. 

0.33/0.5 sol. 
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TABLE V, SPECIFIC CONDUCTANCE AND VISCOSITY FOR 


Cu(NHO?‘/Cu(NH,)J» 

SOLUTIONS AT 27°C AND S0°C 

Parameter 

Temperature Measured 

Red/Ox Ratio at IM Cone. 
(Sat’d. NH 4 OH) 

Or 

(ohm-cm"^) 

O.OOIM 

0.5M 

0.833M 

L 

(centistokes) 

0.909M 

OR 

O.l^TM 


sp. cond. 

0.124 

0.096 

0.535 

27° 





viscosity 

1.23 

1.12 

1.51 


sp. cond. 

0.226 

0.131 

0.867 

50° 





viscosity 

0.89 

0.78 

0.97 



Red/Ox Ratio at 

3M Cone. 



(Sat’d. NH 4 OH) 



0.27M 

1 

.5M 



2.7M 

T 

tSM 


sp. cond. 

0.231 

0 

.202 

27° 





viscosity 

1.44 

1 

.66 


sp. cond. 

0.271 

0 

.228 

50° 





viscosity 

1.09 

1 

.15 
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Attempts to dissolve CrCl2 in HCl showed considerable difficulty. 
Various brands of the compound wore purchased, but very low solubility 
was obtained In all cases. A small sample of CrCl2 (Fisher Scientific) 
was obtained from NASA-Lewls for comparison with the materials we had 
been using. It was observed to be light gray in color in contrast to a 
light green color for our materials and was found to be more soluble 
than the material we obtained from Fisher or Ventron, Using the Fisher 
material obtained from NASA-Lewis, we were able to prepare two 'v IM Cr 
solutions; 0.081M (out of 0.09M Cr'^^ added) and 0.33M Cr*^ (gut of 0.5M 
Cr** added). It seemed probable that part of the problem was the impurity 
level of the chromous chloride salt, the impurities being something other 
than CrClj, since there was an insoluble residue even after vigorous heating 
and stirring. 

The viscosities and conductivities at 27°C and 50°C for the two 
solutions prepared are shown in Table VI and Figure 9. 
g. Br~/Br^ (NaBr) 

With regard to the Br“/Brj couple, the solubility data 
available in the literature was examined to determine the feasible operating 
concentration range. The maximum solubility of NaBr in H2O at 25°C is 
'v 7.3M.^^^ The solubility of bromine (Br2-partial pressure not stated) in 
aqueous sodium bromide at 25^0 (which limits the maximum charged state of 
the couple) is as follows: 

NaBr (aq.) Br^ (aq.) 

0.9 molesM 0.o2 moles/A 

1.56 1.10 

2.00 1.55 

3.10 3.41 

3.48 4.01 

4.0 5.2 
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TABLE VI. SPECIFIC CONDUCTANCE AND VISCOSITY FOR 


Cr*^/Cr*^ SOLUTIONS AT 27°C AND SQOC 


Tffluperatute 

Parameter 

Red/Ox Ratio at 'v IM flM HCl*i 


(ohm-cm"*) 

0.081M 

0.33M 


(centistokes) 

0.909M 

0.50M 

27® 

Sp. Cond. 

0.226 

0.178 

Viscosity 

1.83 

1.56 


Sp. Cond. 

0.310 

0.239 

50® 

Viscosity 

1.21 

1.09 



The fellowinft. solutions were prepared for our measurements: 

Summary of Solubility 


High Level 

(Total Br = 9 g-atom 
Br“/Br^ 
6.3M/0.9M 
3M/2M 
0M/3M 


Low Level 

(Total Br * 2.1 g-atom Jl"^) 

1.5M/0.2M 

0.9M/0.4M 

0.3M/0.6M 


The viscosities and. conductivities values are shown in Table VII and Figure 10. 
h. Cr(CN)J**/Cr(CN>~^ (NaClj 

We attempted to prepare a IM 1:1 composition of this couple 


by dissolving chromous chloride in 6M NaCN. the chromous complex appeared 
to be almost completely insoluble. Very little solubility data is available 
for this couple. The Handbook of Chemistry indicates a moderate 


solubility for the chromic complex, 'v 0.1 moles Kj Cr(CN)g/100g H 2 O. 

Randles and Somerton^^^ investigated this couple but only with 
concentrations of 10" and they give no indication of their method of 
preparation. Hume and Kolthoff^^^ also investigated this couple again at 
about 10" ®M. They first attempted to prepare the chromous complex by 
adding potassium cyanide toelectrolytically prepared chromous chloride. 
They do not indicate the amount of chromocyanide obtained, if any, but 
report the formation of a small amount of reddish brown precipitate. 
Their preferred method was the electrolytic reduction of 0.01 or O.IM 
chromicyanide on mercary. They were able to obtain up to 75% reduction 
by this method ('v 0.075M chromocyanide) before changing completely to 
hydrogen evolution. They report that the chromous complex is highly 
unstable (less stable than the chromicyanide ion by a factor of 10‘*). 
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Viscosity (centistokes) 



Based on this low solubility for the couple and the instability of the 
diromocyanide ion, ‘We concluded that this couple probably was not suitable 
for redox cell appJipation in. spite of the relatively high exchange current 
density r^orted ('v 24 mA/ca^ at 10" on Hg) and a very negative potential 
(y - I.OV)/^^ 
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exchange current density measi^bments 
2j£2iSJi£Si_.ES£lS4S!2H2i 


The exchange current of a redox couple can be obtained under ideal 
conditions by extrapolating the linear portion of log i vs. polatization 
plots (Tafel plots) and determining the current at which the so extrapolated 
anodic and cathodic plots intercept, if both Tafel plots are used; or by 
determining the extrapolated current at the thermodynamic open circuit 
potential, if only one of these Tafel plots is used. 

In practice the length of the linear portion of the Tafel plot is 
limited by the back reaction, by concentration polarization and by ohmic 
polarization. Ohmic polarization can be taken into account by using for 
instance, an interrupter technique; as a consequence, the polarization can-- 
be corrected for this contribution according to; 

’^corr • n - iR 

After this correction, the linear portion of the Tafel plot is still 
United to pqiarisatlons higher than about 100 nv, by the back reaction, 
and to currents uhich are a snail fraction of the Uniting current i^, by 
concentration poldritations. (This upper boundary can be increased by 
increasing stirring.) 

In the case of very high exchange currents, for practical degrees-of 
stirring, the region of linearity can disappear or be so narrow as to 
nake inpossible the extrapolation of exchange currents based on Tafel plots 
of steady-state current and polariaation data. Under these conditions, 
corrections for the back reaction and/or concentration polarltatlons have 
to be undertaken In order to extend the linear region of a Tafel plot. 

Such corrections can be perfomed by correcting the neasured current as 
done by Essln (see page 46f, ref. 6). His approach, used in this work. 


leads to a~ correction of current given by equation: 


1 , ^meas 

1 1 - isssiX . L ; — (2) 

y Ha(cy ^ " itc(a)J ’ RT ’^corr 

where* ij,eas ■ uncorrected measured current either anodic or cathodic 

^LaCc) • limiting current when is anodic, and cathodic 

limiting current when i^^^^ is cathodic 
^Lc(a) “ cathodic limiting current when is cathodic, and 

anodic limiting current when i^^^s anodic 
^corr ** ^R“Corrected polarization, in absolute value 
The first term in the denominator corrects for the effect of concentration 
polarization while the second term.. takes into- consideration the-back 
reaction. Within this second term, which becomes very small as n 

corr 

becomes larger than 100 mV, the parenthesis takes into consideration the 
fact that for reactions with very high exchange current, there can be a 
considerable build up of the concentration of the reaction product close to 
the electrode,, even for polarizations smaller than 100 mV. 

Ifee of equation (?) requires that: 

1. There is direct proportionality between current and concentration. 
(Such case will be the most probable in redox reaction involving a simple 
electron- transfer.) 

2. The diffusion layer remains constant throughout the measurement 
of the complete i-n curve. This requires well defined forced convection, 
such as obtained with a rotating disk. 

3. The limiting current can be determined accurately for the used 
rotation either by direct measurement or by extrapolation. This condition 
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suggests again the use of ROE. 

4 . Ohmic.dUturb.nCM to ld..l-«t.tln* dUk eUctrod. theoryC') a*. 

k<n>t lo». For this condition the reference electrode is kept far r««,ved 
from the- ROE. 


5. CurrMit-potentlais point, are selected to nlnlmlte corrections, 
be<un«. of unavoidable uncertainties in the determinatiw, of llnltim 
cur»nts and ohmic polarization. This condition mandates use of high 
rotation rates compatible with accurate determination of the limiting 

current, and. places a llmit.dn the magnitude of the current which can be 
used for the log i.-n plots. 


Another method to correct the current with help of the rotating disk 
technique, for use in a. Tafel plot, .iaJhased-on equation; 



(3) 


- 1 , 1 . 1 

I I rT= (4) 

corr meas ^ 

where in addition to the previously introduced symbols, w is the angular 
rotation spead of the rotating disk, and k is a constant. 

In this method the current is measured at a given polarization (n ) 
for different rotation speeds. The intercept with, the- ordinate in ° > 

- 7 = r^' **‘<* '“ ke for the log i 

*^corr ■■ Tafel plot. 

We decided against the use of this approach in this work because 
equation (3) does not consider the back reaction (note that e,.(3) becomes 
ld«,tic.l with equation ( 2 ) when the second term in the denominator of eq.( 2 ) 
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is disregarded), and forces to carry experiments towards high polarizations, 
i.e. towards high ~ ratios foe. -reactions with high exchange currents. In 
addition, the method is quite cund>ersome since it requires the measurement 
of a nximber of complete i-n curves at different electrode rotations. 

Instead of using the linear part of a plot of logarithm of current vs. 
polarization for determination of exchange currents, it is possible also 
to use a linear plot and to determine the slope at open circuit related to 
the exchange current by: 



When applying this approach- to an electrode reaction of very high exchange 
current, it is again necessary- to use very small polarizations (microvolts) 
so that i and, therefore, concentration and ohmic polarization ronain. smal.1^. 

This approach was used in this work in a number of cases (Sb‘*’*/Sb*®, 
Cr^*/Cr**). This was done after having obtained the complete i-q curve, and 
having ascertained that the exchange current was low enough to allow for 
graphic determination of the slope at open circuit. 

For completeness sake, non-steady state methods based on the controlled 
transient build up of the diffusion layer have to be mentioned here. These 
methods can successfully be used to correct for concentration polarization, 
but were not used in this work because they do not lend themselves for 
routine application when a very large number of exchange currents have to 
be determined. 

2. Experimental Procedure 

Preliminary measurements were carried out with the Fe^VFe** 


couple to determine the appropriate range of data to be taken in 
determining i^ for the eight redox couples. The method used was the 



rotating disk electrode technique obtaining I-E relationships either -by 

applying linear potential sweeps or graduated potential steps to the test 
electrode up to the limiting currents for various rotation rates. 

•me electrochemical cell used for these experiments consisted of a 
jacketed vessel of -v lOO ml volume (7 cm diameter to give an electrode 
to cell diameter ratio of 1:8). with a fitted Teflon cover to accommodate 
the electrodes (see Figure 3). The RDE was inserted in the central 
opening and secured with-a. Teflon fitting. The reference electrode for 
polarization measurements was a saturated calomel, and it was inserted in one 
of the peripheral openings sealed with an hoh ring. For iR measurements it 
was necessary to use a platinized Pt probe as reference due to excessive 
noise with the calomel reference, me counter electrode was a gold ring at 
the bottom of the cell. A thermometer and gas inlet and outlet tubes were 
s.l«??elwlth Teflon Swagelok fittings. The temperature of the cell was 
controlled to ± 0.5°C by circulating water through the jacketed vessel 
from a Haake Temperature Controller. Nitrogen, to sweep the solution and 
cexl chamber of air, was presaturated with water vapor to reduce water 
evaporation from the cell during operation. The proper temperature for 
the presaturator was approximated since little vapor pressure data was 
available for the redox couple solutions under investigation. The RDE was 
a Beckman Model No. 188501 variable speed drive assembly with rotational 
speeds variable from 3-100 rps. me specifications are as follows: 
Concentricity: i 0.0026" 

Wobble: ^ 0.008" 

Accuracy of Rotational Speed: ± i% above 3 rps 

Repeatability of Rotational Speed: 1 10% 
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The test electrodes were gold (Beckman #39087) and vitreous carbon 
(Beckman- #39084). The electrodes wore interfaced to the drive assembly 
with Beckman Electrode Assemblies (#188551) through the flexible drive 
cable. The electrodes were polished (with 0.5 micron alumina) and the 
following surface roughness values were obtained; gold n 69 pf/cm*, 
vitreous carbon » 29 pf/cm^. A substitute drive assembly was also used. 
This consisted of a G.K. Heller variable speed stirrer motor and 
controller. Model GT-21 (0-100 rps). The drive shaft of this motor was 
coupled to the Beckman RDE electrode assembly, and the rotation speed was 
monitored with an oscilloscope by converting the off-times of an LED/ 
photocell sensing circuit as it was interrupted by an opaque marker arm 
attached to the drive shaft. 

The IR was measured by the current interruption method using a 
current density of 'v SO mA/cm* and monitoring the potential change with 
an oscilloscope trace at 1-2 msec/div. The reference electrode was a Pt 
probe as mentioned above. 

The exchange current densities were obtained from the intercepts of 
plots of log igQyj.. Polarizations were corrected for iR drop, and 
measured currents were corrected for the back reaction at low currents and 
for concentration polarization at high currents according to equation (2). 
Values for ig^j., were determined from both anodic and cathodic curves 
whenever possible. A computer program was set up which calculated the 
values for igQj,j. and Therefore, in order to obtain the desired 1-E 

relationship both diffusion limiting current values and low polarization 
measurements were taken. We measured the limiting current at 3 rotation 
speeds whenever possible, 5 rps, 10 rps and 50 rps. This allowed 
verification according to the relationship = k/w where w is the 


angular rotation spood^ k Is a constant and i|^ is tho limiting current. 

For situations where values could not bo measured at 50 rps, a value was 
calculated from tho above relationship, using tho values obtained at 5 rps. 
Current density data was taken at 50 rps at tho following levels (mA): 

0.1, O.IS, 0,3, 0,5, 1,0, 1,5, 3,0, 5.0, 10, etc. to 0,5 ij^, 

3, Results 

a. Fe^VFe*^ (IN HCl) 

Hie exchange current densities were determined for the 
seven soluble Fe‘*'VFe'*’^ solutions on both gold and carbon at 27°C and 50°C. 

A reliable exchange current density for gold in the 4M 1:10 ratio solution 
could not be derived from the experimental data, although the range of 

values indicated are of a consistent order of magnitude. The exchange 

current densities were obtained from the intercepts of plots of log 
versus hcorr according to Equation (2). 

The values of i^ were determined from both the anodic and cathodic curves 
for each solution whenever possible. Both curves were generally in good 
agreement except for the 1:10 and 10:1 ratios at IM total concentration. 

For these solutions the i^ value was based primarily on the cathodic curve 
for the 1:10 ratios and the anodic curve for the 10:1 ratios. The species 
at the lower concentration level in these cases is apparently too low (0.09M) 
foi’ reliable measurement of the exchange current. The exchange currents and 
open circuit voltages for gold and carbon at 27°C and 50°C for the Fe+^/Fe*® 
are shown in Table VIII. 

b. Sn^VSn*** (3.5N HCl) 

I(R) measurements were determined for six of the nine 
compositions of the tin couple prepared (1 and 3M). This couple appears to be 
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fairly irreversible# Very Little current is observed corresponding to the 
reaction Sn*" ♦ 2e* Sn+* ('v 0.14V vs. this was At most 'v, 8 mA/'cm* 

seen as a small peak* rather than a limiting current with gold; no measurable 
cathodic current was observed with carbon. Beyond this small current 
peak a large increase in current was observed corresponding visually 
with tin plating: on gold; on carbon a fine precioitate formed at the 
electrode surface. 

The anodic reaction occurred with much less polarisation. Polarization 
data and anodic limiting currents were obtained with carbon in most cases, 
from which exchange currents were derived. On gold, however, rto 
unambiguous limiting currents were obtained. During the anodic sweep on 
gold a sharp drop in current was regularly observed, possibly indicating 
passivation of the surface of the electrode, followed by a second slow 
rise in current to a higher plateau. Typical curves obtained for Sn+VSn+‘* 
on gold and carbon are shown in Figure 11. 

Our results are in agreement with those of Lerner and Austin, 
tdio investigated the tin couple (on earbon) , and report that it reacts 
fairly irreversibly according to a two-step process: 

Sn"^* Sn+® ♦ e" (a) 

Sn'*'^ Sn*** ♦ e~ (b) 

* Sn*“ + 2e“ 

They indicate that step (b) is rate controlling at n » 30 to 120 mV, and 
step (a) is rate controlling from n » 240 mV to 0.1 i^. Because of the 
apparent irreversibility of the Sn'^VSn'^'* reaction, our calculations of 
exchange currents were limited to anodic data. The anodic data were 
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corrected using the equation*: 



C6)- 


The exchange current densities, derived from plots of r\ versus 

corr 

log icorr» sJ'ovm in Table IX (open circuit potentials were erratic; 
E° • -0.lv vs. SCE). The curves for carbon show two distinct slopes as 
reported by Lemer and Austin. The plots of the data on gold tend to 
show a continuous curve. For these- reasons . exchange current densities 
shown in the table are very aj^roximate. 
c. Sb’*‘Vsb*° (3M HCll 


The five antimony couple conq>ositions found to be soluble 
were all. tested. A number of problems were encountered with this coiq)le. 

On g0id.« anodic limiting currents could not -be measured due to 
the early onset of gold corrosion; this was not unexpected since the open 
circuit potential of the antimony couple was relatively high (y 0.5 to 
0.6V vs. SCE). Unambiguous limiting current data could not be obteheo on 
carbon either; a curve that appeared to finally approach a cu. ent plateau 

was frequently followed by a negative peak in the current, as is shown in 
Figure 12. 


Cathodic limiting currents couW not be obtained- either, on gald or 
carbon, due to a reaction occurring at a polarization of 0.2 to 0.5V, that... 
deposited a brown, non-metallic residue on the surface of the electrode 
(Au and C). The deposited material could be stripped anodically. ibis 
observation is consistent with thr olubility problems encountered with 
high Sb"^* concentrations (all 10:1 ratios were insoluble). 
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TABLE IX. EXCHANGE CURRENT DENSITY . -log 
Sn*^/Sn*** C3.5 N HCn 


Total 

Concentration 

Red/Oxid. 

27®C 

Gold Carbon 

S0®C 

Gold Carbon 


1/10 

2.0 

4.5 

’ 2.2 

4,2 

IM 

1/1 

3.7 

s * s 

3.0 

5.2- 


10/1 


4.7 

3.4 



.. 1/10 

2.2 

5,4 

1.7 

5.2 

3M 

1/1 

3.5 

5.0 

2.7 

5.2 


10/1 

4.4 

4.8 


6.7 


NOTE ; The exchange current values for the Sn‘*’^/Sn^'* co\;^le are 
tentative. There is considerable uncertainty because of 
(a) lack of well defined cathodic iE-curve; (b) existence of 
one or more linearity breaks in the anodic log icorr vs. n curve; 
and (c) because irreproducibility of the open circuit petential. 

The values tabulated here correspond, to linear section in the anodic 
log i-n curve which extends only to n ® 100 mV for gold and 
Ti « 300 mV for carbon. 








Exchange current densities for this couple were estimated from I 

the slope of the curve n versus i, at low polafizatibn using the 
equation (S) . The exchange current densities derived in this manner* 
are shown in Table X (open circuit potentials were erratic, E® ■ 0.51 vf , SCR) ■ 

d. Ti^VTi^V (6M HCl) 

Polarization data. and limiting currents were obtained for 
the six soluble conqpositions of this couple* The reaction was quite — 

I 

reversible. The anodic data was g«ierally good with stable limiting ! 

currents and no evidence of secondary reactions. The cathodic data was 

soilietdiat less straightforward, especially on carbon; sometimes several 

cathodic curr^t plateaus wete observed, or no distinct plateau. Additionally, I 

the cathodic polarization measurements (steady state current at controlled i 

i 

potential) were subject to sorte drifting, particularly for the 1:10 ratios - | 

(high Ti^^ concentrations) . There may have been a deposition reaction 
occurring since the gold electrode was -sometimes observed to have a deposit 
on the surface after a cathodic sweep. This may have been due to generation 

of a high local concentration of Ti"^*, the product of the cathodic reaction,. : 

] 

tdiich was insoluble at some level below 'v* 4M. I 

i 

I 

Exchange current densities were derived from plots of versus 

log igory* using both anodic and cathodic data, using Equation (2). Exchange I 

1 

current densities and opeJL .circuit potentials afe shown in Table XI. I 

e. Cu(NHj ) tVCu(NHj ) *^ (IM NaCl ♦ O.OIM NaOn 

Four compositions of this couple were-^ested. In 
preliminary testing of this couple, it was found that precipitation of 
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TABLE XI. EXCHANGE CURRENT DENSITY. -log (A/ cm*) 
Ti*VTl^V (6N HCl) 


Total 

Concentration 

fted/Oxid. 

27°C 

Gold Carbon 

S0®C 

Gold- Carbon 


1/10 

EDI 


2. 0-1. 5 

3. 7-3.3 

IM 

1/1 

BD 

3. 7-3. 3 

wm 

3. 0-2. 4 


10/1 

BBi 

mm 

mwm 

4.1 


1/10 

HHil 



3. 4-2.0 

3M — 

1/1 

IBi 

mm 

2QP 

2. 3-2.0 


'10/1 


3.S-3.2 

2QQ 

3. 3-2. 7 


1 

' 1 































































copper was occurring during the course of testing* apparently due to the 
loss of anmionia. This may have been due to the change in the coroplexing 
number in going from the reduced to the oxidized form. To eliminate this 
problem, ammonium hydroxide solution was substituted for the water in the 
N 2 presaturator. This was quite effective in preventing precipitation, 
and all four compositions were tested in this way. 

This couple appeared to be quite reversible and showed fairly high 
limiting currents. A practical limitation may arise from the relative 
insolubility at the 10:1 redox composition. However, a IM 5:1 conposition 
was found to be soluble and was tested in place of the 10:1 composition. 

Copper plating occurred at -400 to -500 mV vs. SCE, and this 
prevented measurement of a cathodic limiting current in some cases. 

Exchange currents were derived from plots of versus log i 

corr ® corr 

The measured anodic current data -was corrected according to Equation (6). 

For verification, a second correction was made using the complete 
correction of Equation (2) to correct for the back reaction at low 
polarization, in which a value for (the cathodic limiting current, 

which was not measured) was calculated, according to the concentration 
ratio, from the measured anodic limiting current. These values extended the 
straight line portion of the curve to low values of current density in good 
agreement with the first correction. The exchange current densities for 
Cu(NH 3 )JVCu(NHj)J* are presented in Table XII. Open circuit values for this 
couple are shown in Table XXXI of Section II (E° = -0.25 vs. SCE). 
f. Cr*^/Cr*^ flM HCn 

As discussed above, two compositions of this couple were 
partially soluble; an approximate 1:10 IM composition (O.OBM Cr‘^^/0.9M Cr"^’), 
and an approximate 1:1 IM composition (0.33M Cr*Vo.5M Cr"^*). Limiting 

























currents for the two compositions of this couple could not be measured 
cathodically due to hydrogen evolution (E® ■ -0.6SV vs. SCE), and anodic 
limiting currents tended to be unstable and-not reproducible. Exchange 
current densities were estimated from the slope of the curve n versus i, 
at low polarization, using Equation (3). 

The exchange current, densities for Cr'^VCr'^® are shown in Table XIII. 

Open circuit values for this couple are shown.. in Table XXXI of Section II. 
g.. Br7Br“ fNaBrl 

Six compositions of this couple were prepared and exchange 
current densities were measured. Due to gold corrosion and interfering 
anodic reactions at the hi/h potential of thie-coiq>le, measurements with 
this cotq>le were limited to cathodic polarization curves on carbon at 27®C. 

Measurements at S0®C were not taken due to the unavailability of bromine 
solubility data at this temperature (excessive bromine vapor was observed 
on attempting to heat to 50°C). This couple is highly reversible. 

The method used for the determination of exchange currents was similar | 

to that iised for the Cu(NHj)2*/Cu(NHj)J*. The exchange current densities 
obtained and the qpen circuit potential values measured are shown in 
Table XIV. 
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TABLE XIV. EXCHANGE CURRENT 

DENSITY, -lofi fA/cm^I 


BrVBr- fNaBr) 



Total 

Br Cone. CR-atom/H'h 

Br“/Brj 

Red/Oxid. 

-log Iq at 
on caz 

2.1 

0.3/0. 6 

2.2 

2.1 

0.9/0. 4 

2. 5-2. 2 

2.1 

1.5/0. 2 

3.0-2. 7 

9 

0/3 

2.0 

9 

3/2 

2.1 

9 

6. 3/0. 9 

2. 2-2.0 

OPEN CIRCUIT VALUES 

Br"/Br; CmV vs. SCEI 


2.1 

0.3/0. 6 

813 

2.1 

0.9/0. 4 

799 

2.1 

1.5/0. 2 

766 

9 

0/3 

798 

9 

3/2 

754 

9 

6. 3/0.9 

724 
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n. SUMMARY AND CONS lUS IONS 

Solubilltyt In attempting to prepare the solutlonn suggested in the 
Work Statement of this Contract, solubility limitations have boon 
established In a broad manner for the different redox couples studied. 

The highest solubilities were obtained with the Sn'^VSn^'* couple, which 
is soluble (in 3.SN HCl) up to a total concentration of 5 molar at all the 
three studied redox ratios (1:10, 1:1 and 10:1). Solubility of up to 3M was 
obtained, at the same three redox ratios, with the Fe’^VFe*® couple (in IN IICl) 
and with the Ti^Vli^V ^^l). The Br’/Br" couple also shows high 

solubility, 9 Normal in total bromine, at moderate Br 2 partial pressure, 

but in order to keep this pressure low, only 2/3 of this bromine can be 
charged. 

All the other couples showed limitations below a total concentration 
of 3 molar (the reduced species being the most difficult to dissolve 
Thus, the Sb‘*’Vsb‘^® couple was soluble (in 3N HCl) up to 3M total 
concentration at the 1:10 and 1:1 ratio, but the 10:1 ratio could not be 
dissolved. The Cu(NHj) 2 VCu(NHj)^^ couple was soluble as a chloride (in IM 
NaCl, O.OIM NaOH and 1 atm NH 3 ) at the 1:10, 1:1 and 5:1 ratios (but the 
10:1 ratio could not be dissolved). At the 3 molar total concentration 
level this couple was still soluble at 1:10 and 1:1 ratios, but at this 
concentration the 5:1 ratio could not be dissolved. Chromous chloride, as 
obtained from different suppliers, was very difficult to dissolve (in 
contrast with published data); the highest solubility attained was 0.33M 
Cr^Vo.SM Cr*®. The low solubility observed may have been due to the 
formation of oxychloride intermediates. The chromo/chromi cyanide counlc 
presented even more difficulties and no suitable solution for these tests 
(> 1 molar) could be prepared. 
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Cwiductlvlty: The specific conductance of the various redox solutions 
are presented in Tables I to VII -and Figures 4 to 10 . 

Within the solutions based .on HCl, conductance increases as would 
be expected with increasing HCl concentration, but it decreases with 
increasing total concentration of redox reactants, probjsbly because of . 
increasing Cl" conplexing and viscosity, in the case of Pe‘'’VFe‘'’*, Sn‘*’VSn‘*''» 
and Sb*Vsbt« conductivity increases with increasing redox ratio;, suggesting 
less. Cl- conplexing by the. reduced species* (Such effect is very pronounced 
with the Sn'^Vsn'^'* and Sb*Vsb'^* couples). Ti+VTi^'^ and Cr+'VCr+», on the 
other hand, show a decrease conductivity with increasing degree of 
reduction. 

The Cu(NH 2 )^^/Cu(NH 2 )|* coxiiiXe. shows a. peculiar effect o£ redox ratio 
oft conductivity. This decreases vdien-redox ratio is changed from -1:10 to 
1:1 and then increases by almost an order of magnitude idien changing from 
1:1 to 10:1, (An explanation for this behavior is still lacking.) 

Finally,., the conductivity- of the bromine couple increases as one would 
expect when the redox- ratio increases (more Ionic species present). 

yiscos.tty; Viscosity data is also presented in Tables I to VII and 
Figures 4 to 10. In all cases viscosity for each couple Increases with- 
increasing total redox couple concentration. With the exception of the 
fconcentrated- 6 r-/Br 3 couple, the viscosity of solutions of a given couple' 
is affected by concentration (total concentration- and redox ratio) in the 
same direction as is condu.:tanco . In the case of 5M Sn^VSn^*» solutions-,, 
the effect of redox ratio on viscosity is-A^ry large, decreasing almost-hy 
a factor of 5 (at 27°C) when the redox ratio changes from 1:10 to 10:1. 
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Exchange Current? A sumroaty of exchange currents under similar 
conditions for the different couples is shown in Table XIV.B. The 

fable shows also the varying effect of electrode material (carbon vs. gold) 
on exchange current. 

Of the positive electrode couples, has the highest exchange 

current and is the best behaved. The BrVBrj couple has an almost equally 
high exchange current and a higher electrode potential (about 300 mV higher 
than for Fe^VPe^^). Problems with this couple are its corrosivity (related 
to the high electrode potential) and the finite bromine vapor pressure, 
especially high at 50°C. The Sh*fSh*^ couple has an exchange current 
about two orders of magnitude lower than both the iron and bromine couples. 

It shows also side reactions, (precipitation) at potentials removed from the 

practical operating potential. It is not clear to what extent these 

problems will be significant with porous electrodes at operating, practical.- 
potential (because of the higher current densities involved). 

For the testing in redox flow reactors, the Fe^VFe+* and Br'/Brj couples 

were selected; the first to serve as a baseline and the second because of 
its promise. 

Of the negative electrode couples, the Ti^VTi^V 
behaved and has a very high exchange current on gold (on carbon its exchange 
current density is 30 to 75 times smaller). The Cu(NM 3 ) jVCu(NH 3 ) J* 
has a high exchange current, both on carbon and gold, and has a favorable- 
fedox potential. The problems with this couple are the limited solubility 
of the reduced form (discussed above) and the limited range of cathodic 
polarization before copper deposition. The Cr+^/Cr'^^ couple shows 
reasonable e.xchange current especially on gold, but it caused considerable 
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problems during this investigation regarding solubility (especially of the 
reduced species) and hydrogen evolution. The Sn ^VSn couple is the most 
irreversible of all the studied couples and has considerable asymmetry 
between anodic and cathodic direction. It shows a-small kinetically 
controlled limiting current (or current peak) in the cathodic direction 
and distinct change of mechanism in the anodic direction. The measured 
exchange currents of the Sn^VSn^'^ couple are erratic fdr these reasons. In 
spite of the uncertainty in the data, the exchange current densities obtained 
on gold are clearly higher than the exchange current densities obtained on 
carbon by one or two orders of magnitude. 

For studies in redox flow reactors, the- Cu(NH3)JVCu(NHj) and the 
Cr*^/Cr*^ couples- were chosen. 

A discussion of the effect of concentration on exchange current has to 
consider that the effects are,.Jji general small (see discussion of simple 
theoretical, consideration in Appendix II), and are masked to some extent, by 
the lack of precision intrinsic to such a broad screening program. 

The exchange current of the Fe*VFe^> couple shows a dependence on - 
redox ratio for all studied conditions-as follows: 

^0(1:1) > ^0(10:1) > ^o(l:io)_ 

Increasing total concentration of Fe increases the- measured exchange current, 
but only weakly. The exchange current of the-Ti*VTiIV couple shows a 
clear dependence on Redox ratio as follows: 

^0(1:1) > ^0(1:10) > ^0(10:1) 

With this couple there is a clear increase of exchange current with concentration 
Hie exchange current of the bromine couple increases slightly with increasing 
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total bromine concentration .and. apoears to decrease slightly with 
increasing, degree of reduction. Por the Cr^*/Cr^* there appears to be 
very little effect of redox ratio (in. three out of four cases) on 
exchange current. 

The effect of concentration on the exchange current of the other 
couples (Sb /Sb j Cu(NHj)2^/Cu(NHj)^^ and Sn ^/Sn *^). sppears less clear. 





TABLE XIV. B 

COMPARISON OP EXCHANGE CURRENT DENSITIES OP 
DIPPERENT COUPLES UNDER SIMILAR CONDITIONS 


1 


Total concentration « IM; Redox ratio « 1 : 1 ; Teinperature » 27®C 


Positive Electrode Couples 
Pe+VPe^* 


“log i© (A/cm*) 

Gold Electrode Carbon Electrode 
1.2 2.0 


Br"/Brj * 

(not testedX. 

2 . 2 - 2 . 5 

Sb+Vsb+® 

4.0 

- 4.0 

Negative Electrode Counles 



Cu (NH 3 ) 2 VCuCNHj) J_*_ 

1.6 

1 , 6 - 2.0 

Ti+ 8 /Ti^'^ 

1.8 

3.3-3. 7 

Cr+*/Cr+* 

2.7 

4.2 

Sn‘*’*/Sn‘*''* 

3,7 

5.5 


*2. IN in total Br, Red/Ox ratio - 2.2S 
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II. TASK II - SECOND STAGE OP SCREENING OF REDOX COUPLES 


A. INTRODUCTION 

The second phase of this program involved the attainment of three- 
objectives: (1) to in^rove the performance of small redox flow reactors by 

testing, under flow conditions « a number of different electrode materials 
and structures;. (2) to test, the suitabili'ty, under flow -conditions, of four 
redox couples selected in Phase I; (3) to compare with the Fe-^^/Fe'*'* couple 
(the base line), a number of couples used in flow cells with. different electrodes. 

The approach for this task was a purely eii^irical one, aimed primarily 
at testing a large variety of electrode- jnaterials and structures. A systematic 
study. using electrochemical reactor theory is to be performed at.n-later date. 

The couples chosen for stucty in- Phase' II were the- following: 

1. Fe^VFe^^ 

This is a well understood and well behaved cotjple. It has 
been studied at NASA*d.ewls and, consequently, it was -useful as a base 
line of performance, particularly for positive electrode couples. 

The choice of this cotjqple was based on its very high OCV and 
on the high exchange current densities observed in Phaser I... ..Although Br 2 
is very corrosive, inexpensive graphite might be used for cell construction, 
with some limitations. 

3. Cu(NH,) ;VCu(NH3 );» 

This couple was chosen because RDE measurements showed that 
it was quite reversible, and the OCV of the couple is well placed for 
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operation as a negative electrode couple. Exchange current densities were 
quite high on both gold and carbon. 

4, Cr*Vcr** 

This coiqjle, in limited testing, showed moderate exchange 
current densities, has a quite negative OCV, and it has been suggested 
elsewhere as the negative electrode redox couple for an all chromium 
redox cell. Although many problems were mcoxintered in Phase I regarding 
the solubility cf the CrCl2, it was hoped that these problems had to do ■ 
with the formation of oxychlorides in the three different sources tried, and 
that -electrochemically genetei^ing. the chromous salt from the chromic salt 
might solve the problems. 

B. ELECTROCHBMIAL PERFORMANCE MEASUREMENTS 
. Electrode Structures 

During the_course of this study, three broad types of 
electrode structures were considered: 

a. Frontal Electrode Structxires 

This type of electrode was a porous op^h structure like 
screen or graphite paper. It was placed in contact with the ion exchange 
membrane, and the reactant-electrolyte flowed behind the electrode through 
a *'pin" field in the back plate of the cell. 

b. Recessed Electrode Structures 

Ihis type of electrode was either a non-porous sheet like 
platinized titanium sheet or a microporous structure like carbon or 
activated carbon. It was located against the back plate of the cell with 
coarse plastic screen between the electrode and the ion exchange membrane. 
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petmltting reactant-electrolyte to .flow in front of the electrode. 


c, cavity Pilling Electrode Structures 

A typical example of this structure is the woven graphite 

cloth iised in NASA-Lewis experiments. This type of electrode fllled_the 

cavity and the reactant-electrolyte flowed through the structure,. 

2. Electrode Materials 

The range of~electrode materials to be studied in Task II 
was e^anded sonewhat in order to compensate for the smaller number, of 
solutions tested in Task I due to solubility limits. .Instead of using 
the same four electrodes for each of the four couples, we investigated 
a larger number of electrodes, selecting for each redox cc>uple tested the 
four electrodes idlich appeared most suited for the specific couple. Hiis 
allowed us to obtain more useful and relevant -information in a.-selectlve 
manner. Some of the;,e electrode materials were purchased directly and used 
without modification, such as Pt screen*, Au screen,, platinized titanium 
sheet, porous carbon block, and graphite cloth. Various, other electrodes- 
were prepared as described below: 

a. iCreha Graphite Paper Stabilized With Teflon 

Various concentrations of TFE in Kreha paper w.ere. tested . 
for stability, wetting and electrical conductivity. A sample with. 4.5 mg 
TPE/cm^ ai^pdared to have the best combination of these properties and was 
selected for testing, 

x' b, Tittti - urn Screen Activated With Ruthenium Oxide 

Tita.i m screen was activated with RUO 2 * according to 

*For all electrodes involving the use of noble metals, it is intended that 
in the ultimate practical electrode the noble metal would be highly 
dispersed, at a very low loading (« 1 mg/cm^) . 
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procedures described in -the literature. ( 9 ) The method used was as follows: 
a piece of titanium screen was cleaned and degreased. by. refluxing in 
isopropyl alcohol vapor; a solution of O.IM RuClj • XH2O (Ventron)was 
prepared in 20% HC1*_ The degreased screen was- dipped in the RUCI3 solution, 
dried at 110®C for five minutes, and baked in a tube furnace at 350®C for 
.ten minutes under a forced air atmosphere. This- procedure was repeated six 
times and after the -final coating, the screen was heated to 450°C under 
forced air for one hour. (This is the procedure given. by Yeager, et al.)^®^ 
TTie resulting electrode had a RUO2 loading of 4,S mg/cm*. 

c. Screen With TPE-Bonded Hirhlv Dispersed Carbon 

High surface area carbon (Vulcan XC-72) was bonded with 
Teflon to screen using standard electrode fabrication technology. Various 
substrate screens were- used-according to the application (go.ld pjated 
tantalum for acid stq>porting electrolytes and pure gold grid in alkaline- 
NH3 electrolytes) . The Teflon level chosen was 20% (Dupont TFE-30 dispersion) , 
which was adequate for electrode ■ integrity without producing hydrophobicity. 

The loading was 'vsmg carbon/cm*. 

d» Screen With TPE»»Bonded A u«» or Pt-Ac tivated Carbon 

These electrodes were prepared in the- same- general manner 
as described above. The carbon was activated with either gold or platintim 
according to the following .procedure to give noble metal loadings of 
'V' 0.5 mg/cm^t gold chloride or platinum chloride was reduced-with 
formaldehyde according to the procedure of Giner, Parry and Smith^^®^ to . 
produce a high surface -area black; the nobie metal blacks thus produced 
were combined with carbon and 20% Teflon to produce a dispersion of the metal 
over the surface of the carbon with loadings of 4.5 mg carbon/cm* and 0.5 mg 
noble metal/cm^. 
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3. Plow Reactor Design 

Two cells were fabricated from Noryl (polyphenyl erte oxide), with 
movable graphite contact blocks,.^ shown in Figure 13. Two variations 
of the contact block-4irere made, a flat surface and a **pin" field surface. 

The dimensions of the active electrode surface a*ea.jwere 2.5 cm-x 4 cm. (10 cm*). 
The cell could.-aither.be operated in the frontal electrode position, 
allowing electrolyte to flow, between the electrode and the “pin’* field back- 
plate of the cell, or in the recessed electrode position against the flat back 
plate allowing electrolyte to flow between the electrode and the ion exchange 
membrane. 

The electrolyte gap, i.e. distance between the back plate or flat-electrode 
and separator was 0.5 mm for graphite cloth and electrodes in the recessed 
location, and 2.5 mm for electrodes in drontal location. The ion exchange 
membranes used were Ionics 103-QZL-183 for Ve*^/Fe*^ and Cr+2/Cr+*, Nafion-120 
for BrVBrj and Cu(NHj)+VCu(l#i 2 )+*, The cell was thermally insulated, and 
the electrolyte was preheated in reservoirs of 2000 cc capacity, me 
temperature of the cell was mo»itorod-as the electrolyte flowed through, me 
cells were operated at 27°C and 50°C, except Br^/Br" which was operated only 
at 27°C. 

Plow of electrolyte through the cell from the reservoirs was cont-rolled by 
variable flow pumps of up to 600 cc/min capacity. A flow-of. .20-cc/min was used 
for the graphite cloth (cavity filling structure). A single flow rate (300 cc/min) 
was used for all other tests (electrodes in the frontal or recessed positions). 

At this flow rate the overall concentration change during an anodic or cathodic 
segment of a run was calculated to be under 1%, and the entry- to-exit change 
across the cell should have been between 2 and 5% and not more than 'v 8% in 
the worst case (400 mA/cm* and 'u o.l M/i of reactant). 
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FigFure 13b. Redox Cell 
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The flow rates appropriate for optimum power production are more difficult 
to determine. In this case the important parameter is the linear velocity, or 
the related Reynolds number. The linear velocity, for a flow rate of 120 cc/min 
and a cross section of 2.S x 0.3 » 7.S an* is 2.67 cm/sec. For a liquid with 
a kinematic viscosity of 2 centipoise, flowing through a cell of cross section 
2.S X 0.3 cm (equivalent diameter = 0.S4 cm), the Reynolds number is 72. If 
turbulence is not promoted^ operation at this Reynolds number will result in .. .. 
a low mass transfer coefficient (or related Sherwood number). As a consequence, 
a higher flow rate would be required. Taking into consideration the results and 
equation of Leveque, Rousar, Newman and others, as discussed by Pickett and 
Stanmore,Cll) appears that flow-jrates 5 to 10 times-higher would be required 
in order to obtain a sufficiently hij^i mass transfer coefficient. Consequently, 
the cell was designed to proimite some degree of turbulence in order to operate 
at somewhat lower flow rates . 

4, Experimental Procedure 

Ihe electrochemical flow reactor was assembled with the appropriate 
membrane and electrodes-and set up with a pump and reservoir connected to each 
electrode chamber. One of the four redox compositions being tested was pumped 
through the chamber containing one of the four electrode structures. The 
opposing side of the cell was operated as a counter electrode using..an open 
electrode configuration (gold screen or graphite paper) in a frontal structure, 
and the same redox couple generally in a 1:1 ratic-at 1 or 2M concentration. 

The flow rate on both sides Was f\, 300 cc/mln, except for graphite cloth (20 
cc/min). The reactor was desigfled to accommodate a reference electrode at the 
outlet on each side. After some initial testing using calomel electrodes at 
these locations, the reference- in the counter electrode side was modified 
slightly to yield a more accurate measurement of the iR drop. A platinum 


- 64 - 


probe was placed behind and slightly below the center of the counter 
electrode, which was a porous frontal structure in all cases* A calomel 
electrode was placed at the test electrode side outlet as before 
(pressurized to prevent backflow through the junction)* Open circuit 
was measured versus calomel then, and polarization was measured versus 
the platinum reference. Finally, the resistance was measured for the 
test electrode versus the platinum reference, using that current interrupter 
method, and this resistance was used .to correct the polarization data... 
(Average open circuit vxtltages for all couples are shown in Table XXXI.) 

Polarization curves were obtained. in both the anodic and cathodic 
direction for each oonposition.of each couple, each electrode and each 
temperature. The data was obtained by applying constant current in steps 
(1, 3, 6* 12, 25, SO, 100, 200 and 400 mA/cm*, if possible) and monitoring 
the Voltage change versus the Pt reference. 

in general solutions were prepared in two redox ratios to represent 
an 86% charged condition and an 80% discharged condition* Two total" 
concentrations Were prepared for each coviple whenever -possible according 
to the solubility data obtained in task I. 

5. Results 

a, Pe*^/Fe*^ (IN HCl) 

Four solutions of the Fe^^/Fe"*"* couple were prepared for 
testing in the fuel cell. These solutions were IM and 3M PeCl 2 /FeCl 2 
with reduced/oxidized ratios of 1:6.25 for the ''charged" state and 4:1 for 
the "discharged" state. There were no- problems encountered in preparing 
these solutions* The coimter electrode solution was a 2 M Pe^^ /Pe"*"* 

(1:1 reduced/oxidized) solution flowing at 300 cc/min on a gold screen 
electrode in a frontal structure. The membrane chosen for use with Pe‘*"*/Fe‘*^ 




I 

i 

was 103-Q2L-183. Initially, there were some problems with cracking ot 

[ this membrane. This problem was eliminated by pretr^pting the membrane in 

\ 

; 50<>C in HCl for 1 hoar. 

p 

-i i. Graphite Cloth (Base Lihe). Polarization measurements 

* 

I for the woven graphite cloth structure are listed in Table XV. The 

performance of this electrode was quite good, as found by NASA-Lewis in 

i 

I previous work. 

_k 

ii. Pt Screen - frontal Structure . This electrode was an 

i 

80 mesh Pt. screen in a frontal . structure . Polarization measurements are 

1 - listed in Table XVI. 

> 

iii. Porous Carbon - Recessed Structure. This electrode 
consisted of 5 mg/cm^ porous carbon (20% Teflon) on a $0 mesh gold plated 

i tantalum screen. Polarization measurements are shown in Table XVII. 

iv. Pt~Activated Carbon - Recessed Structure . This 

/ electrode consisted of 0.5 mg Pt/cm^ on 4.5 mg carbon/ cm* (20% TFE) on a 

gold grid stq>port. Polarization measurements are-shown in Table XVl-II. 

r 

b. Br~/Brg (NaBr) 

Pour compositions of the 6r”/6rj couple were prepared for 
testing. Two 9N solutions (8d% charged and 20% charged) and two 3N 
solutions were prepared. The 9N, 20% charged solution was just at the 
solubility limit for the NaBr, so the solution concentration had to be 
shifted a little in the direction of Br2* The flow rate for the 
eXperimeiits was 300 cc/min and the membrane was Nafion-120. The counter 
solution used in these experiments was a 7.5N 50% charged solution flowing 

I 

over a graphite paper electrode in a frontal structure. This couple was 
operated only at 27°C. 
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♦ ♦ * ♦ • 

CONCCNmnON • IM «Ad S»).PeCl2/PeClj (IM HDl) 

dUCTSODS - Grapfitte Cloth Bleetrode "llithin the Cavity” i^tnictura ' 
PUW MTS >20 ee/min. 

mSm»banS - Ionics lOS'QZUlSS 





100 

200 

400 







caNCENTMTtOl - IM and 3M PeClj/PeClj (IN fiCl) 
BUCntODS • Pt screen - frontal structure 
non mt • 300 cc/nln. 

MENSIMMB - Ionics 103-QZLsi3a 


Total Con 


IM 


Cuxrent0en« 


Polilgimtiaii (mV) 


1/6, 2S (Rodacea/Oxiaited) 


2?Oc 


100 276 
200 — I $15 



Cathodic 

Anodic 

Cathodic 

2 

$ 

1 

1 

16 V 

5 

6 * 

31 

12' 

16 

63 

29 

33 

122 

62 

‘65 

234 

132 

131 

436 

272 

. 253 

$12 

6$3 

497 


Total Cone 

PoXazimiott (mV) 

SH 

1/6,25 (Haduced/Oxiditad) ■ 

CurzentOen, 

27®C 

50«C' • 1 

«A/cm^ 

Anodic 

Cathodic 

Anodic. 

Cathodle 

1 

4- 

4 



3 

12- . 


3 

4 

6 

25 

25 

9 

11 

xa 

50 

52 

23 

25 

25 

106 

109 

$1 

so 

so 

217 

217 

106 

106 

xoo 

4$1 

435 

226 

.226 

200 

1239 

$12 

495 

426 

400 



1215 

$9$ 


Total Cone 



nA/an^ 


1 

a 

3 

6 

xa 

as 

50 

100 

aoo 


Polarisatiost (mV) 


o^ced/Oxidit 


a?®c 5oOc 


AnoOief CathedielAnoaic Cathodic 



Total Gone; 


SM 


nh/ca* 


I 

3 

6 

xa 

as 

so 

xoo 

aoo 

400 


Volarimiofi (aV) 


4/1 (ftedueed/Oxidised 


a?<>c SOOC 


Anodic! Cathodic! Anodic Icathodie 
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ZSSjjBXVnp^i /ba+3 


CONCBNTJUrtW 
BUCTRODS-:;— ~ 
BtOV MTS 


IM and 3M PaClj/PeClj (in hcI) • 


•®**A*« - • -tonlea U»>QZL.18S 


i Total C6n 


wA/em^ 


I 

i 


fiolwlmion (iirtf) 


i/6a3S CR^dttced/Oxidliad l 
27<>C n I 


Cathodic I Anodic fCathodio 


Total Con 




X/6«2S (»cdiiced/Oxtdiga<t1 


2 


Cathodic{ Anod ic [Cathodic 
4 3 





l^odicl cathodiclAtiodic Icathodie 


1 



Total Oonel 


PolatitiUca (a^ 



Cusxcnt Den 


ttVcw* 
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jtoodiej CathodicjAnodic fCathodie 

a 








































cmtBftMm * IM and SM PaCl2/PoCl3 (IN HCl) 

EtBcfttCMB . 0.$ mg Pt/cA^ on 4.S mg Vulcan Cartron/cn^ 

(20% TPB) on gold screen • recessed structure 

PtON Wii - 300 cc/min. 

membraNB • Ionics 10S-<tZl4sU3 


Pelarisatien (ttV) • . 
3/e>28 (nedttced/OsiaUed) . * 

27^C 50^ 

Anodicl Cathodic Anodic |cathodio 


Total Conq 


3N 


Poiarimiea 


1/6*2S (Redueml/CsddiMa) 



27®C 

50®C * 1 

rnA/cm^ 

Anodic 

Cajbhodic 

Anodic 

Cathodic 

1 

1 1 

2 

1 

5 

3 


4 

3 

5 

6 

2 

6* 

S 

7 

12 

5 

M 

8 

15 

25 * 

14 

24 

18 

29 

50 

27 

34 

35 

48* 

100 

163 

14$ 

92 

186 

2O0 

353 

587 

194 

303 

400 

553 

897 

474- 

683 


Peiarisatien (nV) 

4/1 (Redttced/Oxidlscd 



Anodic! Cathodic Anodic Icathodle 


Total Conci 


SN 


foK/ear 


X - 
3 
6 
12 
PS- 
50 
100 
200 
400 


Polaritatioti (aV) 


4/1 (Redueed/Oxidit 


27®C $<PC 


Anodic Cathodic} Anodic jcathodie 







































Poi^ous C arbon - Recessed Structure . This electrode 
was a piece of pordus carbon 3 mm thidk (Stackpdle Carbon #PC-58, 45% 
porosity) used in a recessed structure. Polariaation measurements are 
shown in Table XIX. 

Tefldna ted Graphite Paper - Frontal Structure . 

This electrode was graphite paper ifi^regnated with 4.5 mg TFE/cm* in a 
frontal structure. Polarization measurements are shown in Table XX. 

Ill* Platinized Ti Sheet ~ Recessed Structure . Ibis 
electrode was platinized Ti ^eet in a recessed structure. The 
polarization measurements are shown in Table XXI. 

l'^* RnO^/Ti - Frontal Structure. This electrode was 
a piece of Ti screen coated with 4.5 mg/cm* RUO2, in a frontal structure. 

The polarization measurements are shown inlbble XXII , 

c. CuM^)tYcu(NH^) ^^ (IM NaCl ♦ O.OIM NaOm 

Two solutions of CuCNHjl+VCuCNHj) J* (O.OIM NaOH + Ui NaCl^ 
were prepared for testing; 1M1:4 reduced/oxidized (discharged state) and 
IM 5:1 reduced/oxidized (charged state). These solutions were prepared 
by adding stock solution of NH4OH (28% NHj) to the CUCI2 salt, allowing the 
complex to for* and deaerating the solution.. CuCl was then added to this 
solution. No water was added so that the NHj concentration could be kept 
as high as possible. Also, during cell operation, the N2 gas was saturated 
with NH4OH (28% NHj) before being passed through the electrolyte. However, 

i 

i 

i 
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- POI^RIZATinn ftnj ASUREMEOTfi 
CONCCNTKATION'; 3(j and 9S Bt (NdBt) ' 

ELECTRODES Tordus Carbon - Recesead Sfcxuotut^a 
PLOW RATE: 300 cc/min. MEMBRANE: Nafion*120 


fTotal Cone 

1 Polarization (mV) | 

1 $H X/6.25-<Rcduce<l/0xidlzed) j 

Currf39:it Don* 

27®C 1 

inA/cm^ 

Anodic 

Cathodic 

1 



3 

1 

I 

6 

2 

2 

12 ' 

S 

3 

25 

a 

7 

50 

16 

13 

100 • 

24 

48 

200 

j 

68- 

400 




•Total Cone 

[ Polarization (mV) 

9N-1/6.25 . 

(Roduced/Oxidi zed) 

Current Den* 

27®C 

inA/cm? 

Anodic 

Oathodic 

1 

X. 

1 

3 

2 

2 — 

« 

6 

3 

2 

12 

6 

6 . 

25 

11— 

11 

50 

24 

25 

100 

36 

41 

200 

7S 

70 . 

400 

* 



Total Cone 

P Polarization (mV) 


Total Cone 

Polarization (mV) 

3N-4/1 

(Reduced/Oxidized) 

* 

9N4/1 

* (Roduced/Oxldized) 

Current Den. 

27®C 


Current Den* 

27®C 

irtA/cm^ 

Anodic 

Cathodic 


loA/cm^ 

Anodic 

Cathodic 

1 . 

1 



1 

1 

1 

3* 

3 

2 

* 

3 

3 

3 

6 

6 

S 


6 

4 

6 

12 

13 

10 

• 

12 

5 

11 

25 

23 

20 


25 

20 

23 

50 

37 

39 


50 

45 

33 

.100 

70 

77 

. 

100 

165 

38 

200 

83 

151 


200 

304 


400 




400 
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tStMJSC B 


COHCCNTRMIO.V. ^ m ft (NaBc) ' 

ELECTROOBj Teflonated Craphito Paper (4.5 mg TPE/cm*) - Frontal Struetura 
FLOW RATE* .300 ec/mln. MEMBRANE: Nafion-120 


Total Cone PoUriratien (mV) 


3N -l/6.25(Rcduced/0xldUo4) 




inA/cm* 


I 

3 

• 6 
la 
25 
50 
100 
200 
400 













































MtB XXI Bt /bto - P 


CONCENTRATION: 3N & 9N Bt (MoBt) 

ELBCTSOOBi Platinized Ti Sheet ■> Roeessed Structuto 
TU»f RATE: 300 ee/mln, MEMBRANE: Nafioit-120 


Total Cone Polarization (mV) 


SN I/6«2S (Rcduccd/Oxidizod) 


27®C 


Anodicl Catehodio 


I 

• 2 
4 


Cuxtonb Don 


mA/cm* 


1 

3 

6 

12 

25 

.50 

100 

200 

400 



Total Cone 

Polarization (mV) 

9M-1/6.25 

(Rcduccd/Oxidizod) 

Current Don. 

27®C 


Anodic 

Cathodic 

1 

2 

1 

‘ 3 

5 

3 

6 

9 

s . 

12 

18 

6 

25 

S2 

21 

50 

51 

25 

100 


27 

200 

400 
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Total Cone 

Polarization (nV) 

3N-4/1 

(Roducod/Oxidi zed) 


nA/cm^ 


1 

3 

0 

12 

25 

50 

100 

200 

400 


27®C 


Anodiel Cathodic 


5 

6 

10 


Total Conc| Polarization (mV) 


(Reduced/Oxidized) 


27®C 


Anodicl Cathodic 


Cuzzent Den 


mA/cra^ 


1 

3 

6 

12 

25 

50 

100 

200 

400 
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XX|I P* - PQLARIZATjtO N MEASUREMEOT^^ 

CONCENTRATION! 3N 4 9N Bt (NaBi:) 

ELECTRODE: 4.S ing RuO^ on T1 Screen - Ftonbal Structuro 

flowrate: SOOcc/mln. MEMBRANE: Naf ion- 120 


frotal Cone 

Polarization (mV)" 


Total Cone 

Polnrizatlon (mV) 

1 3N-X/6.25 (Roaucod/OxldUod) 


'9N-1/6.25 

.(Rcduccd/Oxldixod) 

CucrenbOon. 

27®C . 


CucxentDon. 

1 27®C 

mA/cm* 

Anodic 

Cathodic 


mA/cm^ 

Anodic 

Cathodic 

1 

1 

*4 

i 

1 

1 

3 

3 

4 

9 

* 

3‘ 

3 

4 

6 

8 

11 


6 

/ 

6 

12 

18 

19 


12 

12 

12 

25 

$\ 

33 


25 

24 

25 

50 

57 

61 


50 

48 

43 

100 

100 

136 


100 

74 

70 

200 

116 

204 


200 

' 156 

160 

■ 400 

* 



400 

* 



Total Cone 

f Polarixation (mV) 


Total Cone 

r Polarization (mV) 

3H-4/1 

‘ (Reduced/Oxidized) 

. 

9N-4/1 

(Reduced/Oxidized) 

Current Den. 

• 27®C 


Current Den* 

27°C 

wA/cm^ 

Anodic 

Cathodic 


mA/cra^ 

Anodic 

Cathodic 

1 


1 


1 

2 

2 

3 

3 

4 

* 

3 

4 

6 

6 

5 

5 


6 

6 

12 

12 

11 

12 . 


12 

13 

25 

25 

22* 

27 


25 

29 

47 

50 . 

42 

54 


50 

72 

85 

100 

83 

123 


100 

208 

94 

200 


185 


200 

356 

168 

400 




400 








I 




ovon with this precaution, the 5:1 solution did not seem to bo too atablo. 

A brownish sludge formed on the walls of the reservoir and Inside the 
electrode chamber during operation, T!u' counter solution used for this 
couple was IM 1:1 Cu(NH^) ^VCuCNH^) ** flowing at 300 cc/mln on a Au 
screen. The membrane chosen for this couple was Naf Ion-120 because of 
the higher pH. 

i, Au Screen - Frontal Structure. This electrode was 
a gold expanded mesh in a frontal structure. Polarization measurements 
for this structure, which gave the best performance, are shown in Table XXIII. 

ii. Porous Carbon - Recessed Structure . This electrode 
consisted of 5 mg/ cm* Vulcan carbon (20% Teflon as binder) on a gold grid 
support in a recessed structure. Results are shown in Table XXIV. 

ill, Au- Activated Carbon - Frontal Structure . This 
electrode consisted of 4,5 mg/ cm* Vulcan carbon (20% Teflon as binder) 
activated with 0.5 mg/cm* Au, on a gold grid support in a frontal structure. 
Results are shown in Table XXV. 

iv. Au-Activated Carbon - Recessed Structure . This 
electrode consisted of 4,5 mg/cm* Vulcan carbon (20% Teflon as binder), 
activated with 0,5 mg/cm* Au, on a gold grid support in a recessed structure. 
Polarization measurements are shown in Table XXVI, 
d. Cr**/Cr** (IN HCl) 

CrCl-, solubility in HCl continued to pose problems in this 
phase of the program, A pound of CrCl 2 was purchased from ROC/RIC Chemicals. 
Their catalogue lists CrCl 2 as very soluble in H 2 O. Therefore, we 
attempted to dissolve this material in both H 2 O and HCl (in various 
concentrations: IM, 3M, 6M) using a glove box under N 2 atmosphere. Results 
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CONCBHTRAtlON - Cu((JH3)|Vcu(NH3)j2 (IH NaCl ♦ O.OIM NaOlQ 
ELBCTItODfi^ - ^ screen - frontal structure 

FLOW ftATB* - 300 cc/mln. 

MBMBftANB. - Naflon-120 ’ 


Total Cone 
• IM 

Current De n « 
roR/cm^ 

1 

••3 

6 

12 

1^5 ■ .• 

50 \ 

100 
200 ’ 

400 


Polarization froVl • 

1/4 (Roducod/Oxtdizciaj * 

27^0 5QQC 

Anodic Cathodic Anodic Cathodic 


. s 

S 

# • 

2 

3 

IS. 

16 

7 

8 

32 

30 . 

14 

11 

65 

62 

30 

23 

165 . 

86 

45 

40 

3S7 

129 ' 

143 . 

37* 

674 

854. 

285 

56* 



• 



Total Cone 



Polarization (nVi 


IH 

5/1 (Reduced/Oxidized] 


Current Den. 

27®C 

50®C 

rA/ ctn^ 

Anodic 

Cathodic 

Anodic 

Catho( 

1 

7 

5 

4 

1 

3 

24 

15 

. 8 

4 

6 

41 

33 

15 

.10 

12 

76 

71 

24 

22 

25 

109 

207 . 

45 

57 

SO 

139 

478 

51 

127 

100. 

66* 

1155 . 

65 

358 

200 

400 

37* 

1935 

51* 

691 

♦ 


*iR correction large 


















"<* w™ . r Jm ^ 4“" “wi«'- SSJ«‘JJ.„et... 

*®*®***® - Mafion >120 


•»*cual Cone 
IM 

Current Pen. 
mA/cm^ 


Polarization fiiiV^ 

- (Roduccd/Oxidizaa) 

• so®c 

Anodicj Cathodic Anodic ^thodte 
• 20 I 14 4 ~ I 


UM 1371 


Total Cone Polari zation fmVl 

IM ' ' — t 

(tlOdUCed/OX ZOd) 

Current Den. ^ 27 °c "H ’sq qc 

Cathodic U-K.^1, 





TABLE XXVI - P0l<Aftl8ATI0N MBASITHRMg>W»S 


C0NCBNTRAT16M IM Ctt (NH^) *Vcu (NH 3 J - (iH M4C1 f OU>Hl^«Ott) 


ELecmooE 
FUW RAtB 


4.5 mg/cm* Vulcan fcarbon (205d‘ TPB), activated With 
S 6 occ?ifin^ ®" gPlfl-grid auppoxt - tecessed stxuctu; 


membrane - Hafion-120 


Total Cone 


Polarization fniVi 

_ : ] 

IM 

1/4. 

(Redueed/Oxidized] 

Current Ddn. 

27®C 

50®c 

ttiA/cro^ 

Anodic 

Cathodic 

Anodic 

Cathodic 

1 

47 

19 

10 

10 

. 3 

147 

59 . 

34 

*28 

6 ■ 

380 

113 

70 

63 

12 

1143- 

215 

162. 

122 

25 

1849 

360 

1116 

224 

50 

2489 

541 • 

i4S0 

* 410 

loo 

• 


1885 

638 

206 





400 

* 





Total. Cone 


Polarization (nV) ' 


IM 

5A 

(Reduced/dxidlzed) | 

Current ben. 

27®<5 

50®C 1 

x6h/a&^ 

Anodic 

Cathodic 

Anodic 

Cathodic 

1 ■ "■ 

23 . 

9 

5 

3 

3 

• 

66 

28 

11 

7 

6 

120 . 

63 

18 

17 

32 

229 

147 

34 

33- 

25 

256 

433 

50. 

106 

50 

323 

1010 

75 

220 

10.0 


1690 

56* 

602 

' 200 

‘ 


• 

0 

400 


. 

1 

0 


i • 

*iR correction large 
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Kith HjO and HCl ware the sane. A snail snount did seen to dissolve 
fornln* a blne-|reen solution, but gassing started is»ediately, and the 
nlrtures becane very hot. esBsslally those uith acid. Nhen the reaction 
settled doMi, there ms a large anount of sludge on the botton of the 
container and some chromous chloride in solution. 

A nuiia>er of manufacturers of CrCl 2 contacted about this 
problem of. insolubility without much success. It has been suggested 
that the solubility problem might be the result of the method of 
preparation of the CrCU used by the manufacturer, i.e. if the reduced form 
of the chloride was i«ade by H 2 -reduction of the hydrated oxidized form, 
then insoluble oxyc i. ides could be formed very easily; if ajv anhydrous 
oxidized form was used _..stead, the pure (soluble) chromous chloride would 
result. Therefore,, the problem may have been that there was some 
oxychloride mixed with the chromous chloride in all of our samples. This 
seemed plausible in view of the fact that the chemicals we had purchased 
were all Very green-grey, and CrCl 2 is reported to be white in the 
Handbook of Physics and Chemistry. Unfortunately* chemical manufacturers 
were reluctant to reveal the method by which they prepared their CrCl 2 
so that we were unable to locate an appropriate source of this material. 

Because of these solubility problems, we attempted to form the Cr^* 
electrolyticaUy in solution from Cr*^* in two redox ratios: a IM 1:4 and 

a IM 6.25:1 solution. The IM 1:4 solution preparation was successful, 
and this solution was tested. However, we were unable to complete 
preparation of the IM 6.25:1 solution. Tbe final composition that we 
obtained was 'u 3:2 ratio and attempts to reduce it further were not 
practical. The time for Cr^* reduction to excessively long, and 
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the efficiency of conversion had dropped to 'v io%. Therefore*, this 
solution was used only as the counter electrode solution in testing 
the IM 1:4 preparation 

The riiembrane used for the Cr^VCr^* couple was 103-QZL-183. As 
mentioned above problems had been occurring with this particular membrane. 
After .operaticn at 50°C,. the membrane generally developed cracks. On the 
recommendation of ionics, we pretreated the. membrane in INHCl at SOOC'- 
60°C for one hour before assembling the cell. This procedure alleviated 
the cracking problem in subsequent operation of the cell. 

M Screen - Frontal Structure. This electrode was 
a gold expanded mesh in a frontal structure. During the course of these 
and the following measurements a reddish-brown coating was observed to 
form on the walls of the reservoir, and the surface of the electrode, 
possibly indicating the precipitation of CrCl^ during operation. 

Polarization measurements are shown in Table XXVII. 

Porous C arbon - Recessed Structure. This electrode 
consisted.^. 5 mg/cm* Vulcan carbon (20% Teflon -as binder) on a gold 
plated tantalum screen support in a recessed, structure. Polarization 
mea.nur«nents are shown in-Table XXVIII. 

Au-Activated Carb on - Frontal Structure. This, electrode 
consisted of Vulcan carbon. (20% Teflon) activated with 0.5 mg Au/cm* on 
a gold plated tantalum screen support. The structure was frontal. 
Polarization measurements are shown in Table XXIX. 

iv. Au-Activated Carbon - Recessed Structure . This 
electrode consisted of 4.5 mg/cm* Vulcan carbon (20% Teflon binder) 
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activated with 0«5 mg/cm^ Au 6n golo plated tantalum screen support. 
The structure was recessed. Polarization measurements are shown 
in Table XXX. 


TABLE XXVtl 


SX*^/CX*^ - POlARi aATtOB MEASnttB* 


Ci 


CONCENTRATION - 
BLeCTRODE 
BLOW RATE 
MEMBRANE 


IM CrClj/CrClj (IM HCl) 

Au Screen - Frontal Sttucture 
300 ec/min. 

103-QZL-183 


Total Cbnd 

Polarization (mlO 

IM 

1/4 (Reduced/Oxidizedl 


27®C 

• ' 50OC 

inA/cra^ 

Anodic 

Cathodic 

Anodic 


1 

126 

141 

♦ 

27 

.38 

3 

146 

207 

53 

84 . 

6 

161 

1020 

• 

137 

123 

12 

181 

1074 

16^ _ 

743. 

25 

. 190 

1094 

178 

1025 

50 

190^ 

1127 

.182 

1045 

100 


1210 



200 





400 


i 


' 


*iR-cor r ection large 
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COMCL'Nl'RATION - 


IM CrClj/CrClj (IM HC1> 

LStiSlf Hi?"" on «oW pl8t«d 

tMtaidm screen - recessed structure 
300 cc/min. 

103-QZL,183 


I Total Cottc 


IM 


Current t>en. 


Pplarl ration fmV^ 


1/4 (Reduced/Oxidized) 
27<>C I SOOC 


Anodic! Cathodic I Anodic 








TABL6 XXIX 


CONCENTRATION - 


- IM CrCl2/Crt:l3 (IM HCl) 

- 4.S mg/m^ Vulcan carbon ^20% TfE), activated with 

^ ,*5 mg Au on gold plated tantalum screen, frontal structure 

300 cc/mln. 

- 103-QZL-183 • 


Total Cone 
IM 

Current Den. 

nA/cni2 


Polarization (mV) 

1/4 (Reduced/Oxidized) 

27^0 5qOc 

Ano dief Cathodic Anodic Cathodic 




ABLE 


CONCENTRATION - im CrCl2/CrCl3 (IM HCl) 
RLECTRODE • 4 .e nM./mn2 Vttloan <«Avh/i 


FLOW RATE 
MEMBRANE 


*4.5 rng/cm^ Vulcan carbon (20% TFB), activated with 
0.5 mg Au, on gold plated tantalum screen-recesaed structure 

300 cc/min. 

- 103-QZL-183 


Total Cone 

Polarization-(mV) 

IM 

1/4 (Reduced/Oxidized) 

Current Deh. 

27®C 

50®C 

roA/cm^ 

Anodic 

Cathodic 

Anodic 

Cathodic 

1 

111 

95 

375 

162 

3 

144 

152 

444 

1174 . 

6 

175 

579 

502- 

1443 

12 

296 

1008 

540- 

2010 

25 

359 

1163 

652 

2039 

50 

505 

1211 

867 

2127 

100 

577 . 

1340 

928 


200 


• 



400 



































































C. DISCUSSION OP THE RESULTS OP TASK II 


Hft-erder to compare the effect of different oloctrodo structures and 
materials on the performance of redox flow reactors the data presented in 
Tables XV through XXX have been rearranged as shown In Tables XXXII through 
XLV to show the performance of all four electrodes for a particular redox 
couple, under fixed conditions of concentration and temperature. Because of 
the large number of variables studied, as called for by the Work Statement of 
this Contract, optimization of structures and operating conditions (flow rate, 
elect¥e4yte gap, membrane, etc.) and considerations of flow reactor theory, 
have not been possible. Conclusions regarding electrode structure and materials 
apply only to the very specific structures and conditions used; conclusions 
regarding concentration and temperature are intended to show broad trends. 

Comparison of the performance of the dif£e*ei»t-electrode configurations 
for the Fe+*/Fe+* couple (Table XXXII to XXXV) shows that in general structure D, 
a 'Vithin the cavity”structure, based on graphite cloth (as used at NASA-Lewis) 
delivers the best performance of all the tested structures, in the current 
density range prior to a clear concentration limitation. Next in performance 
was structure followed by A (both recessed structures). Structure C, a 
frontal structure, was the least effective. It should be kept in mind, however, 
that in all cases iR drop has been eliminated; this means that, in addition to 
the iR drop of the membrane and any iR drop attributable to the counter 
electrode (vdtich will be the same in the tests of the four structures), the 
electrolyte resistance intrinsic to a recessed structure has also been eliminated 
The contribution of this iR-drop can be changed by changing the size of the 
electrolyte gap. In Table XLVI, iR values are shown for the gap used in this 
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study, at a current density of 100 mA/cm* . Also, It should bo ropooted that 
tho poorer porformnnco observed with the frontal structure onplies only to 
the specific structure used hero, o rather open meshed screen (80 mesh), and 
is not a ponoral conclusion applicable to all frontal structures. 

There ore indications in tho tost data for tho couple that in 

cases of low reactant concentration (such a- charging from charged state. 

Table XXXV) electrode structure D (graphite cloth) becomes diffusion limited 
at rather low current densities. In such cases, the other structu. s may 
have higher limiting currents. The relative merits the different structures 
must also be evaluated in terms of the effect of flow rate and the impact of 
this flow rate on pumping requirements for each structure, especially when 
comparing the vastly different conditions of frontal and recessed structures 
on the one hand, and cavity filling structures (flow through porous structures) 
on the other hand. Such effects are best studied in a systematic manner using 
electrochemical r'^actor theory. 

In the redox flow reactor experiments with the Br'/Brj couple (Tables XXXVI 
to XXXIX) the best short-term, IR-correcced, performance was obtained with 
electrode A, a thick porous carbon recessed structure, followed very closely 
in performance by electrode a thin graphite-paper, frontal structure. 

(Same comments regarding iR-correction for Fe*VFe+» apply here, see Table XLVI). 
In general, the short-term performance with the Br'/Brj couple is quite 
encouraging. Selection of electrode materials for the long-term, practical 
tests must consider corrosion effects. 

The Cu(NHj) 2 VCu(NHj)^* couple showed moderate performance under conditions 
of high concentration of reactant (Tables XL and XLII). The performance 
deteriorated markedly under the studied conditions, in all cases of depleted 


reactant (Table XLI to XLIII) . In the latter cases increasing temperature 
tended to increase the limiting current substantially. The best performance 
wa^ obtained with electrode A, followed by electrode ^ (both are frontal 
structures activated with gold). 

The experiments with the Cr‘*’VCr'*’* couple showed very high polarizations, 
in all CuSts, even at current densities lower thdfl 3 mA/cm*. Differences 
between structures are not significant under these conditions. 


/ 

xy 
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TABLE XXXII . COMPARISON OF ELECTRODE CONFIGURATION PERFORMANCE FOR 
THE Fe^*/Fe** COUPLE (DISCHARGING IN THE CHARGED STATE 


Red/Ox -ratio ° 1/6. 2S; Cathodic Perfonrtance 


Cutrent 

Density 

(mk/ar) 


dnc7 iM Temp. 270C 


Polarization (mV) 


Total Code. 3M Temp. 27°C 


Current I Polarization (mV) 


925 i 864 I 812 


24 

6 

25 

49 

14 

52 

wmm 

24 

109 



358 

148 

435 

748 

587 

812 


897 



one. IM 


. 50OC 


Current Polarization (mV) 
Density I 
(mA/cm^) 


Total Cone. 3M Te 


Current I Polarization (mV) 


B C 


80 131 


168 253 


343 I 497 


Configurations : 


A - 5 mg/cm* Vulcan Carbon (20% TPB) on- gold 
plated tantalum screen - recessed structure 

B - 0.5 mg Pt/cm* on 4,5 mg Vulcan Carbon/cm* 

(20% TFE) on gold screen - recessed structure 

C - Pt screen - frontal si ucture 

D - Graphite Cloth Electrode ’’Within the Cavity” 
structure 




























































































TABLE XXXIII. COMPARISON OF ELECTRODE CONFIGURATION PERFORMANCE FOR 
THE Fe-<’^/Fe*^ COUPLE fPISCHARGING IN DISCHARGED STATE 


Red/Ox ratio =4/1} Cathodic Performance 


Current 

Density 

(jnk/car) 


Polarization (mV) 


B 


3 2 


Total Cone. 3M 


Polarization (mV) 


C 


764 

441 

894 

1444 


^mm\ 




Polarization (toV) 


Total Cone. 3M T«ap. S0<>C 


Polarization (mV) 


mgm 

13 

12 

21 

30 

27 

42 

61 

54 

84 

92 

113 

255 

warn 

222 

1259 

1 565 1 

476 


4 

I 


"Configurations* A • 5 mg/ cm*- Vulcan Carbon (20% TFB) on gold 

plated tantalum screen - recessed structure 

B - 0.5 mg Pt/cm* on 4,5 mg Vulcan Carbon/cm* 

(20% TFE) on gold screen - recessed structure 

C - Pt screen - frontal structure 

D - Graphite Cloth Electrode ”Within the Cavity'* 
structure 



































































































TABLE XXXIV. COMPARISON OF ELECTRODE CONFIGURATION PERFORMANCE FOR 
THE Fe*VPe*’ COUPLE (CHARGING IN THE DISCHARGED STATE 


Red/Ox ratio » 4/1; Anodic Performance 


Current 


(iilA/cm‘j 


Polarization (mV) 


6 


19 


38 13 


76 I 25 


Total Cone. 3f 


Current 

Density 

(inA/cm^) 


Polarization (mV) 


1075 

223 

1495 

606 


otal Conc.lM Tamp. 50°C 


Current I Polarization (mV) 


(mA/cm ) 


Total Conc.3M Tamp. 5 


Current I Polarization (mV) 


30 

10 

59 

18 

122 

48 

245 

177 

494 

560 


* Configurations I 


A - 5 mg/cm^ Vulcan Carbon (20% TFE) on gold 
plated tantalum screen - recessed structure 

B - 0.5 mg Pt/cm* on 4.5 mg Vulcan Carbon/ cm* 

(20% TFE) on gold screen - recessed structure 

C - Pt screen - frontal structure 

D - Graphite Cloth Electrode *»Within the Cavity" 
structure 
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TABLE XXXV. COMPARISON OP ELECTRODE CONFIGURATION PERFORMANCE FOR 
THE Pe‘*‘^/Pe‘*'*COUPLE (CHARGING IN CHARGED STATE) _ 

Red/Ox ratio » 1/6.25; Anodic Performance 




Current 

Density 

(mA/cm*) 

Polarization (mV) 

wLsm 



D 

1 

n 

■1 

2 

6 


4 

- 

6 

6 

5 

7 

2 

14 

7 

T2 1 

wtm 


28 

H9 

25 

mtm 


KB 

BIS 

BHmiH 

mum 

mum 

TOiM 

B£l 

HKUiJHii 


wum 



HKiSiiJHI 

■£9 


mwm 

1^1*1^ 



WLim 

uua 



IICTTIMil irP»l f H 


Polarization (mV) 

A 



Mail 

1 

2 

1 

- 

- 

3 — 


2 

1 

1. 

0 

i7“ 

4 

BuB 

3 

— n — 1 


8 

BIB 


" — 25 — 

1 TT 

mum 

wum 

mum 


mi3£M 

Hm 

wEm 



imm 

msam 

msm 



!■££■ 

mm 

mm 

878 

■KlilSjlH 

\mnm 

mmm 

um 

3438 


1 BB^ WSTITBI 

Current 

Density 

(mA/crt*) 

Polarization (mV) 


BJ 


BuH 

1 

n 

■1 

H 

Bl 

3 


• 

wsm 


' 6 ^ 

IHB 

2L 

Ba 

— 5_ 

12 

KB 

S_ 

B^B 

11 

25 

lEm 

msm 

wmm 


s5 

msm 

mm 

217- 

M9I 

■BH 

445 

mmm 

EtiB 

B^ 

ImmmM 

972 

II^B 

mum 

1603 1 

1 400 


1 553 

[- 

i^ail 


1 Total Cone. 3M T«np. 50<>C J 

Current 

Density 

CmA/cmr) 

Polarization (mV) 

A 

B 1 


BQ^i 

1 

3- 

■1 

m 

Hi 

3 

6 

3 

3 

-sj 

6 

12 

5 

9 

.LJ 

12 1 

23 

8 

KB 


25 

42 

Bmi 

KB 

BBI 

5D 

96 ^ 

35 

1 106 

HB 

100 

iS@B 

mm 

ShB 

WSSM 

\wmwm 

393 

smB 

E&BI 

KB 

Ibeh 


msm 

lima 

BBI 



i' 


* Configurations 5 A - 5 mg/ cm* Vulcan Carbon (20% TFE) on gold 

plated tantalum screen - recessed structure 

B - 0.5 mg Pt/cro* on 4.5 mg Vulcan Carbon/ cm* i 

(20% TFE) on gold screen - recessed structure i 

! 

C - Pt screen - frontal structure 

D - Graphite Cloth Electrode ”Within the Cavity*' 
structure 
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Red/Ox ratio » 1/6.25; Cathodic Performance 


1 Total conc» SN Terop.270r 1 

Current 

Density 

(«A/cm*) 

Pdlarixation- (mV) 

- 75 s- 

— 

C 

D 

1 


_ 1 

L 

' A 


1 

3 

2 

a 

5 

2 

4 

4 

11 

— n — 

3 

9 

7 

12 

25 

7 

17 

16 

21 

50 

13 

36 

43 

td. 

— 100 

45 

92 

95 

136 

— 200 



619 

204 

?00 






1 Total Conte 9N Tmp. 27^C 1 

Current 

Density 

CmA/cm*) 

Polarization (mV) 

A 

B 

c 

D 

1 

1 

2 

i 

? 

3 

2 

3 

3 

4 

6 

2 

5 

5 

6 

12 

6 

10 

6 

12 

25 

11 

21 

2 l 

25 

50 

25 

37 

25 

43 

loo 

w 

81 

27 

70 

200 


l'iT“ 

111 

160 

400 






♦Configurations: A - Porous Carbon - recessed structure 




i 


B - Teflonated Graphite Paper (4.5 mg TFE/cm*) - 
frontal structure 

C - Platinized Ti Sheet - recessed structure 
D - 4.5 mg RUO 2 on Ti Screen - frontal structure 
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TABLE XXXVII.- COMPARISON OF ELECTRODE CONFIGURATION PERFORMANCE FOR 
THE Br-/Br ^ COUPLE (DISCHARGING -IN DISCHARGED STATE) 

Red/Ox ratio « 4/1; Cathodic performance 


1 Total Cone, 3N Temp. 27°c \ 

(hirrent 
Density 
(mA/cm^) . 

Polarization (mV) 


— g— 

C 

D 

1 


5 

5 

1 

3 

2 

6 

6 


5 

5 

8 

10 


— n — 

10 

13 

18 

12 

2S 

20 

25 

35 

?7 

50" 

39 

43 

58 

54 

— IDD 

7i 

92 

227 

123 

— 20D 

i§i 

147 

332 

185 

— m — 






Total ( 

:onc. 9N Temp. 270G 

Cu.: mt 
Density 
■ (mk/car) 

Polarization (nfV) 

A 

B 

C 

D 

1 

1 

4 

4 

2 

3 

3 

10 

17 

6 

6 

6 

17 

18 

12 

12 

11 

33 

33 

25 

25 

2i 

58 

61 

47 

5b 

ii 

51 

lob 

S3 

155 

3^ 


■ nr" 

^4 

200 


ibi 

iBo 

l6^ 

355 






I 


♦Configurations: A - Porous Carbon - recessed structure 

B - Teflonated Graphite Paper (4.5 mg TFE/cm*) - 
frontal structure 

C - Platinized Ti Sheet - recessed structure 
D - 4.5 mg RUO2 on Tl Screen - frontal structure 
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Red/Ox ratio = 4/1; Anodic performance 


1 Total £!oitc. Vi T5np7“27®0 

Current 

Density 

(mA/cnr) 

• Polarization (mV) 


B 


D 

1 

1 

1 

5 


3 



i4“ 

3 

s — 

5“ 

"4 

26 

5- 

u n 

13 

10 

48 

-IL 

25 

if 

20 

85 


5D 


35 

144 “1 

42 

— WD 


6^1 


83 

— 200 


83 


111 

— 300 






1 Total Cone. 9N Teftp. 27«cl 

Current 

Density 

(mA/c«H 

Polarization (mV) 

A- 

B 

C 

D 

1 

1 

2 

4 

2 

3 

f 

3 

18 

4 

6 

4 

4 

21 

6 

12 n 

5 

7 

41 

13 

25 


23 

85 

29 

5Q 

45^ 

52 

155 

72 

100 

165 

129 

377 

208 

200 

30T" 


604 

^56 

— 355 — 






'Configurations: A - Porous Carbon - recessed structure 

B - Teflonated Graphite Paper (4.5 mg TFE/cm*) - 
frontal structure 

C - Platinized Ti Sheet - recessed structure 
D - 4.5 mg Ru 02 on Ti Screen - frontal structure 







TABLE mix. COMPARISON OF ELECTRODE CONFIGURATION PERFORMANCE FOR 
THE Br~/Br; COUPLE (CHARGING IN CHARGED STATE) 

Red/Ox ratio ■ 1/6. 2S; Afiodic performance 


1 totai cone, 3N Temp. 27ocn 

Current 
Density ■■ 
(mA/cm*) 

Polarization (mV) 


— g— 

c 

D 

1 


2 

6 

1 

"3" 

1 

5 

I6_ 

4 

6 

i 

8 

31 

8 

12 

5 

ii 

52 

18 


8 

2s 

92 

31 

50 

i6 

TO 

142 

57 

— IDO 


117 


100 

200 




116 

TOO 






Tdtal 1 

Conce 9N TemPe 27«d 

Current 

Density 

(iBA/cm*) 

Polarization (nV) 

A 

B 

C 

D 

1 

1 

2 

2 

1 

3 

2 

3 

5 

3 

6 

3 

5 

■•5 

7 

12 

6 

7 

18 

12 

25 

11 

16 

32 

24 

■ sO ■ 

24 

28 

51 

48 

155 

36 

38 


74 

255 

75 

59 


156 

400 






*Conf iguxatlons : A » Porous Carbon-* recessed structure 

B - Teflonated Graphi'te Paper (4,5 mg TFB/«m*) - 
frontal structure 

C - Platinized Ti Sheet - recessed structure 
D - 4.5 mg RuOj on Ti Screen - frontal structure 





i 
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TABLE XL. COMPARISON OP ELECTRODE CONFIGURATION PERFORMANCE FOR 

THE CufNH, ) ^VcufNH, ^ ^ COUPLE (DISCHARGING IN CHARGED STATE) 


Red/Ox ratio « 5/1; Anodic Perforrtanc© 


1 Total Cone. iM Temp, 

Current 
Density 
(mA/-cm •) 

Polarization (mV) 

“TT- 

B 

C 


1 

7 

33— 


, 22- 

3 

“TT 

99 

33 


s — 

41 

184- 

74 

J2SL 

— n — 

^6 

345 

153 

229 

2S 

“105” 

537 

445 

256 

50 

li^ 

115+ 

748 

323 

— lOO — 

“5Sr 

44^+1 

877 1 


— 200 


“SOST" 



— TOO 






1 Total Conce Art Temp* SO^G I 

Current 
Density 
(jak/cm ) 

Polarization (mV) 

A 

B 

C 

D 

1 

4 

4 

1 

5 

3 

8 

12 

1 

11 

6 

15 

20 

2 

18 

12 

24 

38 

3 

34 

25 

4s 

63 


Sfl- 

50 

51 

125 

41 

-ZSj- 

100 1 

65 

155 

400 

IM 

“130 

sTF 

179 



TOO 






tiR correction large 


♦Configurations - A - Au screen frontal structure- 

B - 5 mg/ cm* Vulcan carbon (20% TFE) on gold grid - 
recessed structure 


C - 4.5 mg/ cm* Vulcan carbon (20% TFE), activated with 
0.5 mg/cm* gold, on gold grid support - frontal 
structure 


D - 4.5 mg/cm* Vulcan carbon (20% TFE), activated with 
0.5 mg/ cm* gold on gold grid support - recessed 
structure 





TABLE XLI. COMPARISON OF ELECTRODE CONFIGURATION PERFORMANCE FOR 

■M-Saifflj) JiZSiCffls) COUPLE IbISCHARGlWG IN Dtsm.PCTn 


fted/Ox ratio » 1/4; Anodic Performance 


^ocai (folic . iM 


renip. 27“C 


Current Polarization (mV) 
Density 

(mA/ctt^). ' I B I c I F" 
1 S 19 20 47 


165 1355 523 18^ 

357 1803 1037 2489 

674 1142 

■1182 


«tal Cone 


Polar! zation _ (mV) 



Configurations - A > Au screen - frontal structure 


B - 5 mg/ cm* Vulcan carbon (20% TFE) on gold grid - 
recessed structure 

C - 4.5 mg/cm* Vulcan carbon (20% TFE), activated with 
0.5 mg/cm* gold, on gold grid support > frontal 
structure 

D - 4,5 mg/cm* Vulcan carbon (20% TFE), activated with 
0.5 mg/cm* gold on gold grid support - recessed 
" structure 


















miE XLIl^ CONFIGURATION PERFORMANCE FOR 

THE Cu(NH 3)$^7g|jXjgH., l*^ COUPLE f CHARGING IN DISCHARGED STIAJRI 


Red/Ox ratio « 1/4; Cathodic performafico 


1 total done, jm Torop. 270 c 1 

Current 

Density 

(mA/cn^). 

Polarization (mV) 

A«^ 



D 

1 

5 

16 

14 

19 


16 

50 

43 

_59. 

0 

30 

98 

83 

113 

12 

62- 

l83 

16S 

215 



“T5T" 

301 

360 


1^9 

349 

45^ 

541 

” 'lUo '" 



8^1 


2D0 



i571 


TOO 







Mi'Ti 11 1 M III l■lll■ 

Cwrrent 

Density 

(nX/car) 

Polarization. (mV) 

A 

B 

c _ 


1 

3 

6 

3 


3 

8 

■Kl 

9J 

m 

6 

11 

wmm 

rntm 

63 

12 

23 

44 

25 

122 

_ 25 

40 

81 

wmm 

224 


W 

62 T 

55 

410 

l—k99 . 

\ 56 

2rf 


638 






1 400 1 






"^iR correction large 


*Configurations - A - Au screen - frontal structure 

B - 5 mg/cm^ Vulcan carbon (20% TFE) on gold grid - 
recessed structure 

C - 4.5 mg/ cm* Vulcan carbon (20% TFE), activated with 
0.5 mg/cm gold^ on gold grid support - frontal 
structure 

D - 4.5 mg/cm* Vulcan carbon (20% TFE), activated with 
, 0.5 mg/ cm gold on gold grid support - recessed 

structure 






























TABLE XLHI. COMPARISON OF ELECTRODE CONFIGURATION PERFORMANCE F''R 

THE Cu(NH^)^VCuCNH;^) :^^ COUPLE (CHARGING iN CHARGED STATE! 

Red/Ox ratio « S/1; Cathodic Performance 


1 Total cone, IM Temp. 27^C~\ 

Current 

Density 

(mA/cm*) 

Polarization (mV) 



C 

D 

1 

5 

11 

8 

9 

i 

15 

34 

18 


6 

33 

78 

71 

63 

12 

71 

171 

128 

147 


“507“ 

494 

336 

433 

*50 

478 

il^6 

605 

1010*; 

100 

"TTST 

5566 

1434 

1695" 

; — 200 — 

TOST 




TOO 






1 lotal Cone. IM Temp. 50'*C 1 

Current 

Density 

(mA/cm*) 

Polarization- (mV) 

A_ 

B 

c 

D 

1 

1 

3 

2 

3 

3 

4 

7 

4 

7 

6 

10 

17 

9 

17 

12 

52 

37 

15 

“3T 

is 

57 

96 

76 

T5T 


i27 

517 

i55 

55o 

155 

558 

550 

293 

. 502 

555 

6^1 




400 

.. 





^Configurations - A - Au screen - frontal structure 

B - 5 mg/cm* Vulcan carbon (20% TFE) on gold grid - 
recessed structure 

C - 4.5 mg/cm* Vulcan carbon (20% TFE), activated with 
0,5 mg/cm^ gold, on gold grid support - frontal 
structure 

D - 4,5 mg/ cm* Vulcan carbon (20% TFE), activated with 
0,5 mg/ cm gold on gold grid support - recessed 
' structure 





TABLE XLIV. COMPARISON OF ELECTRODE CONFIGURATION PERFORMANCE FOR 
THE Cr^Vcr*^ COUPLE (DISCHARGING IN DISCHARGED STATE) 

Red/Ox ratio » 1/4; Anodic performance 


1 Toial Cone. im T«np* 2?o^ 

6\rrent 

Density 

(mA/ear) 

Polarization (mV) 


— g— 

C 

D 

1 

126 


58 

UlL 

3 

146 

208 

88 


5 

161 

243 

102 

_J2L 

12 

“T51‘ 

"lir 


296. 

25 


—§§5” 


359 

50 

i&O 

6?7 

469 


— lOT 


131T" 

539 

'IW 

— 2l» 

• 




— m — 






1 Total Cone. 

IM Temp. 50OC 1 

Current 

Density 

(mA/aii*) 

Polarization (mV) 

A 

B 

C 

D 

1 

27 

28 

35 

375 

3 

53 

77 

46 

444 

6 

'~nT' 

105 

132 ■ 

502 

12 

16l 

162 

324 

540 

25 

ITS" 

2S4 

546 

"553" 

56 

T52" 

666^ 

603 

”557" 

iSo 


723 

”571“ 

"53S" 

200 





4oo 






♦Configurations: A - Au Screen - Frontal Structure 

B - 5 mg/cm^ Vulcan Carbon (20% TFE) on gold plated 
tantalum screen « recessed structure 

C - 4,5 mg/cm* Vulcan carbon (20% TFE) , activated with 
0.5 mg Au on gold plated tantalum screen^ frontal 
structure 

D •> 4.5 mg/cm‘ Vulcan carbon (20% TFE), activated with 
0.5 mg Au«-on gold plated tantalum screen - recessed 
structure 
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TABLE XLV. 


*Configurations 


COMPARISON OP ELECTRODE CONPIGURATION PERPORMANCB FOR 
THE Ct*^/Cr'*^^ COUPLE (CHARGING IN DISCHARGED STATE) 


Red/Ox ratio » 1/4; Cathodic performance 



Current 

Density 

(mA/cm^) 

Polarization (mV) 

Ka 




1 

141 

78 

93 


3 

WtiitM 

WBsm 



s — 



348 

579 1 

ii 



mam 

fsm\ 

25 


W^M 

llffVJI 

iifiCij 

50 

MSSM 

wmm 


inn. 

HKUUHH 

1210 

1557 



BBliiiiJBii 





HKUUflH 




lzzj 


Total 1 

ponCe AM T«mp4 SO'^C 

Current 

Density 

(niA/cm®) 

Polarization (mV) 

A 

B 

C 

D 

1 

38 

167 

6 

162 

3 

84 

204 

174 

utT 

6 

123 

479 

256 

.1443 

l2 

>43 

746 

671 

2010 

25 

1025 

’mt' 

1082 

2039 

50 

io45 

14^1 

1129 

2127 

io5 



i2l7“ 


5oo 





400 






: A - Au Screen - Frontal Structure 


B - S mg/cm* Vulcan Carbon (20% TPB) on gold plated 
tantalum screen - recessed structure 

C - 4.5 mg/cm* Vulcan carbon (20% TFE), activated with 
0.5 mg Au on gold plated tantalum screen, frontal 
structure 

D - 4.5 mg/cm* Vulcan carbon (20% TFB), activated with 
0.5 mg Au, on gold plated tantalum screen - recessed 
structure 


i 

\ 
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APPENDIX t 


Stoichiometry of the Bromine Redox Couple 
In calculating the number of moles of Brj- (Mgr 2 ^ (^NaBr) 

to simulate a parti cul,g£_State of the Br^/Br* redox couple^ two parameters 


are fixed: the total number of atom weights of Bromine in the system, . (Br)^, 

and the theoretical degree of discharge, $♦ The theoretical degree of 
discharge can be defined by writing eqtuttion.: 


1-9 

2 



0e" 



( 1 ) 


When the system-is totally charged, 6 « 0; when the system is totally 
discharged, 0 = 1 .. The condition of totally charged system and the manner 
of writing equation (1) imply that no Br 2 is allowed to form. This is 
equivalent to saying that any Br 2 formed will react with excess Br~ to 
form Br^ and that an additional-reaction of the form: 

2Brj ♦ 2e 3Br2 ^2) 

is not allowed, thider these conditions, the vapor pressure of bromine will 
be-4owest. 

According to equation (1) the total bromine per Faraday of charge is 
given by: 


(Br)„ » 3 l-Ii-i. ♦ 1 e = i 

T 2 2 2 

The number of moles of bromiae-for 
total bromine: 


(3) 

a given degree of discharge and 


”Br’ " ”Br2 “ ^®'^T (4) 

Br- (atom equiv.) « i (l - 9)(Br-) 

3 ‘ 

(i.e. only 66.66% of total bromine atoms can be charged according to 
equation (1).) 


A-I-1 


Similarly, the number ' f moles of free Br" is given by; 

Mgy- = 6 (Br)^ (S) 

The ratio of reduced to oxidized-apecies defined as 5 is related 

Ox 

to the degree- of- discharge by; ^ 


or ■ rrr - ’ («) 

The number of moles of Br 2 and of-NaBr required to prepare a solution with 
a fixed total number of bromine atoms, and simulating a degree of discharge 


6 is;. 


%rj ■ 

(7a) 

%.Br ■ CBr)T ‘ * « 

(7b) 

The molar ratio of sodium bromide to -bromine needed to 

simulate a certain 

state of discharge is given by: 


_ %aBr 3 

(8) 



Hie ratio of reduced to oxidized species is related to the molar ratio 
of sodium bromide to bromine used to prepare the solution by; 


Red Mgr- %aBr 


Ox 


Mgr- M, 


Br. 


(9) 


Moles of Br 2 and NaBr necessary to prepare a solution with a fixed number 
of atom weights of Bromine (Br)^ and with a given Red/Ox-ratio is obtained 
as follows: 


From (7a) and (6); 




Prom (7b) and (6): 


^NaBr * 


(‘ ‘ 3 ♦ Ssi) 

' Ox ' 


(10b) 


Instead of the molar ratio of. reduced to oxidized species- as used 
here, one could Aise- the ratio of equival-ent weights (where OxL - 2 Ox). 
Such ttsa involve* *ubstltutlng(g4) by in eciu»tions (6), (9), (10). 



APPENDIX H- 

Concentrati on Dependence on Exchange Current 
Under ideal conditions, the exchange current of a one-electron redox 
reaction is related to the concentrations of reduced and oxidized species by: 
io » i° (Red)«(0x)3 

.Aere o and 6 are transfer coefficients. If a . 1 - B . O.S. for Instance, 
the exchange current of the 1:10 redox ratio, will be equal to 

that of the 10:1 ratio, lo(i0:l). and will be related to the exchange 
current for Cl:l) ratio, 1 ,( 1 . by: 

^0(1:10). - ^0(10:1) « ^0(1:1) ^ -- q ' S q -T * ^ori-u 

0.5"** X 0(1:1) 

IM^^ill be true independent of the totaL concentration., as long as this 
remains constant. If. on- the other hand, the redox ratio is kept constant, 
and the concentration changes, the exchange current should change proportional 
to the total concentration diange. 

In a set of 1:10 to 10:1 redox ratios and 1 to SMtotal concentrations* 
as those investigated in thU work, the exchange current will change most 
(under the- present assumption) when changing from IM (10:1), or IM (1:10) 
to 3M (1:1). This maximum change in- exchange current will be given by: 

‘oC3,l:l, ■ *,(10:l) « ' ‘.(1.10:l, 

If we assume, on the other hand, an asymmetrical situation, such as 


^o(l:10) » W:l)^— Ml:l) 
^0(10:1) “ io(l:l) * 9^ '"^ 0. 1^:1 ^ 
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As before, this is independent of total concentration as long as it 
remains constant. In the same set of concentrations and ratios, as before 
the maximum variation will be obtained when changing from 3M (1:10) to 


IM (10:1) as follows: 


^0(3.1 = 10) • l.a.lO:l) > ^ • r.2 1 


0 ( 1 , 10 . 1 ) 
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